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FOREWORD

The 31st Annual Forestry Symposium was opened appropriately by Dr. Thomas
Hansbrough, Director of the School of Forestry and Wildlife Management at
Louisiana State University.
Dr. Hansbrough was an early pioneer of pine
plantation spacing-thinning-pruning studies in the South and is largely
responsible for the now commonly referred to North Louisiana Hill Farm growth
and yield data.
This year's topic, "Predicting Growth and Yield in the Mid-South," was
borne from our observation that growth and yield modeling and research
advanced in great strides in the last decade and a half, progressing from
relatively simple variable-density whole stand models to more complex diameter
distribution models and single-tree simulation models. Further, methods to
model the effects of thinning have been recently introduced.
Because the
increased attention and emphasis on this subject has resulted in a large
number of publicly available models, we believed that a symposium highlighting
current and past efforts in growth and yield modeling would be timely.
The symposium was divided into three sessions.
The first was ably
moderated by Dr. Roy C. Beltz of the Southern Forest Experiment Station and
addressed principles of growth and yield, alternative approaches to predicting
growth and yield, and applications of growth and yield In forest management
planning.
The first session laid the groundwork for the next two sessions.
The second session was moderated by Dr. Mike R. Strub, Weyerhaeuser Co., and
addressed currently available models for predicting growth and yield in
southern pine stands, both even- and uneven-aged.
It also included a
comparison of the growth and yield of four southern pines on uniform sites in
the Gulf Coastal Plain. The third session was moderated by Mr. Dick Meyers,
Boise Southern Co. , and covered predicting growth and yield in southern
hardwood stands, predicting biomass production in the South, and the role of
the Forest Service survey in predicting growth and yield. The last paper
provided a synopsis of the symposium papers and discussed the future of growth
and yield research in the Mid-south.
The symposium proceedings far exceeds our initial
contributors have done an excellent job of summarizing
research efforts, and in so doing have provided a useful
and yield models applicable to the Mid-south, indeed, to

expectations.
The
current and past
compendium of growth
the South as a whole.

We wish to acknowledge the contribution of each of the speakers and
authors as well as the guidance of the symposium by the moderators. We would
also like to express our gratitude to Gerri Hackfeld and Julie Marotz for
their enduring patience in typing the final manuscript.
James E. Hotvedt
Ben D. Jackson
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31ST ANNUAL
FORESTRY SYMPOSIUM

PRINCIPLES OF GROWTH AND YIELD

Charles 0. Minor
Professor of Forestry
Northern Arizona University
Flagstaff, Arizona

Intoduction
I accepted the invitation to talk about principles of growth and yield
rather glibly, feeling that this was a simple assignment.
After weeks of
reviewing literature I began to have qualms.
It would be much easier to
report on a growth model on which I'm working, or the growth of some thinned
plots that are being analyzed than to set the stage for all the papers to come
in this symposium.
Definitions
One usually starts by defining the subject or topic, so for growth:
Webster says,
processes."

"the gradual

increase

of a living thing by natural

Forest Terminology (SAF 1958) says, "see increment." So I did. Increment
is "The increase in diameter, basal area, height, volume, quality, or value of
individual trees or stands during a given period."
Now that's pretty inclusive, it maybe leaves out increases in tree form
or weight or specific gravity, but otherwise pretty well covers all possible
increases.
Forest Terminology also mentions accretion, "increment, usually of trees
rather than stands---."
I tried to look up "Yield", but in Forest Terminology no definition is
given.
It only mentions "sustained" and "water."
Spurr's Forest Inventory (1952) came to the rescue, "Yield is the total
amount capable of being harvested (or actually harvested) at a given time."
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Purposes
In reality, the study of growth of trees or stands is for just one
purpose, the prediction of growth that will occur for a definite future
period. However, it is necessary to be a bit more inclusive, so I'll mention
the obvious, we need growth and yield information to evaluate and prescribe
cultural treatments, to determine treatment intervals, cutting cycles and
rotations, to set and evaluate production goals— in general to control
application of forest management.
History
For a general coverage of the historical development of growth and yield
determination, Tesch (1981) has traced the evolution from its roots in
European forestry to the present.
Interestingly, the first recorded
observations of tree growth are credited to Theophrastus (370-285 B.C.), a
student of Aristotle.
More recently and locally, several excellent summaries of growth and
yield in the South have been prepared by Burkhart (1975, 1979), Farrar (1979),
Williston (1975), and Burkhart, Cao, and Ware (1981).
In general we've
progressed from graphic methods (yield tables and stand projection), through
regression methods for normal yields, to variable density predictions, to
managed stand yield tables, then to simulation models of present day
sophistication.
Nature of Forest Crops
Trees are a crop of the soil, but requiring a relatively long time to
mature.
Instead of an annual harvest, a tree yields but one crop of wood in
its life. Annual rings can't be peeled off and utilized, but must be allowed
to accumulate.
On the other hand, demand for wood is continuous (even today).
This
demand must be met annually. Since we can't peel off rings, we must harvest
whole trees, either by cutting different stands of trees each year, or by
cutting part of the trees in a lot of stands each year. These you immediately
recognize as even—aged and uneven—aged.
And just as the silviculture and
management differ, so do the methods of growth and yield determination.
What are some of the basic differences between even—aged and uneven—aged
stands? First, growth patterns of both diameter and height are different —
instead of nice sigmoid curves, trees in uneven-aged stands may have long
periods of suppression followed by later acceleration.
Secondly, the areal
arrangement is different; trees of different ages are inter-mixed and present
on the same area.
Diameter distributions are different.
The uneven-aged
stand has no beginning or ending.
And, useful information can only be
determined from managed stands, as the important variable is the volume which
is harvest cut.
These differences lead to serious problems in any yield
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prediction procedures.
For example, the simple matter of site classification
is most difficult when dealing with uneven-aged conditions.
Stand structure,
species composition, and competition all must be considered in
non-conventional ways in every growth relation.
Factors Affecting Growth
The interaction of genetic and environmental factors produces tree
growth.
It is possible to list many of the environmental factors that may
influence tree growth. These are probably best presented in broad categories
(Husch, et_ al. 1972).
1.

Climatic factors including air temperature, precipitation, wind,
insolation.

2.

Soil factors— some 12 are listed by Lutz and Chandler (1946). These
might be summarized as physical and chemical characteristics of the
soil, moisture relations, and soil microorganisms.

3.

Topographic factors— slope, elevation, and aspect.

4.

Geographic factors— latitude, longitude, land form.

5.

Biotic factors— competition with trees and other vegetation,
predation, parasitism, and disease.

6.

Abiotic factors— fire, frost, and wind.

If it were possible to accurately measure all these factors, and if each
operated directly and simply, growth might be estimated rather easily and
accurately.
Unfortunately, there are innumerable and complex interactions
between and within these factors and tree growth, not to mention different
reactions by different species.
Growth Classification
Much of the confusion in growth studies and comparisons may arise from
the way the growth is measured or expressed. Apparent discrepancies between
methods may be only differences in terminology.
To properly present growth information, we must qualify the data in
several ways:
1.

Short vs. long term (Curtis 1978)
a. Estimates of current growth, from immediate past
performance, with projections for short periods in the
future.
b.

Estimates of growth and yield under long term application of
possible management regimes, for planning purposes.
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2.

3.

Parameters and units
a.

Portion of the tree (usually the bole, but increasingly in
these energy—conscious days, biomass is considered).

b.

Variables— volume, weight, basal area, diameter, height.

c.

Unit of volume— cubic feet, cunits, cords, pounds, board feet
(which log rule?).

d.

Portion of the stand— all trees, those 4.5 feet tall and
larger, those merchantable for specific products?

Components and types of growth (Husch et al. 1972):
a.

The components are usually ingrowth, mortality, and cut.

b.

With the components defined, the types of growth are:

c.

4.

(1)

gross growth of initial volume

(2)

gross growth including ingrowth

(3)

net growth of initial volume

(4)

net growth including ingrowth

(5)

net increase.

With five types of growth, each of which may be computed in
different ways depending upon the basic methodology, it is
obvious that it is necessary to carefully specify the type.

Period of time:
a.

Current annual increment (CAI)— this past year's growth.
Usually not practical as being difficult to measure and perhaps
atypical due to climatic fluctuations.

b.

Periodic annual increment (PAI)— average annual growth over a
short period of time.

c.

Mean (average) annual increment (MAI)— average annual growth
over the life of the tree or stand.

d.

Note that for PAI and MAI it is absolutely necessary to
indicate the period for which each is calculated.

Each of the
misunderstandings

classes described may be very crucial in avoiding
and misinterpretations of measured growth.
Unless
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specif-ically qualified growth data may have no meaning and result in total
confusion.
Individual Tree Growth
Pines increase in height by growth of the terminal shoot or leader.
Several flushes normally occur annually.
Increases in diameter come from
growth as a layer of xylem and phloem tissues in the form of a sheath of new
wood and bark from top to bottom of the tree. Charlie Thomas, another speaker
on the program, once helped me by naming this sheath a "dixie-cup," a useful
concept.
The distribution of growth often is significant since diameter increment
is not always equal along the bole, around the circumference, or from one year
to another. Variations along the bole apparently result from changes in the
crown and changes in crown exposure. Diameter growth seems to be added to the
stem where needed for strength. Thus a pruned tree in the open will add more
to the upper stem below the live crown, while a sheltered tree, exposed by
release (thinning), will add more to the lower bole (Young and Kramer 1952).
As a result, growth in diameter at breast height may be temporarily depressed
or exaggerated. Care should be taken not to neglect changes in tree form when
estimating volume and volume growth.
Stand Growth
For many of our uses, especially in measurements and in management,
growth is expressed on an area basis.
Interest is in how much a given stand
will grow, per acre per year, for a given time in the future.
In silviculture
however, there is probably more concern with the growth per tree. Thinnings
and other cultural treatments tend to be greatly influenced by individual tree
responses. When analyzing literature concerning growth the reader must keep
in mind these natural tendencies to favor expressions of growth on per tree
versus per acre bases.
In evaluating growth problems it must be constantly stressed that the
factors which affect growth per tree are not necessarily the same factors that
are. most important in affecting growth per acre (Spurr 1952). The diameter
and other dimensions of the individual tree are greatly influenced by
competition.
Competition by roots for moisture or nutrients, and crowns for
sunlight, may outweigh all other factors relating to growth.
On the other
hand, growth per acre may be primarily a function of site quality.
So, all
too. often our attempts to go from individuals to stands, to assume stand
growth is merely the sum of the individual trees' growth, lead us to serious
errors.
As stated by Davis (1966), stand growth is a variable and dynamic
process including not only the performance of individual trees, but also
mortality and other complex tree interactions.

Conclusions
An attempt has been made to look at basic principles of growth and yield.
Hopefully you'll keep these in mind as you listen to speakers the next day and
a half indicating how to study, predict, and use growth information.
Finally, I'd like to end with a caution concerning growth predictions.
Remember, there is no such thing as perfect prophecy!
While we can measure
past growth fairly accurately, we can predict future growth only with
considerable uncertainty.
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PREDICTING GROWTH AND YIELD: ALTERNATIVE
APPROACHES AND THEIR APPLICATIONS

Harold E. Burkhart
Thomas M. Brooks Professor of Forestry
Department of Forestry
Virginia Polytechnic Institute and State University
Blacksburg, Virginia 24061

Introduction
Growth and yield forecasts may be required for short-term or long-term
planning, for the overall stand volume or for the volume by product and size
classes. With the wide variety of stand conditions that exists in the South
and the diverse objectives and needs of users of growth and yield models, it
is not surprising that numerous approaches have been proposed.
These
approaches range from models that provide only a specified aggregate stand
volume to models with information about individual trees.
Regardless of the
structural complexity and amount of output detail provided, all growth and
yield models have a common purpose:
to produce estimates of stand
characteristics (such as the volume, basal area, and number of trees per unit
area) at specified points in time. The purpose of this paper is to provide an
overview of the principal approaches taken to predicting growth and yield for
southern species and to briefly discuss applications of these alternative
approaches.
Subsequent speakers will give more detailed descriptions of
growth and yield models developed for specific purposes and stand types.
Approaches to
Growth and Yield Prediction
The approaches commonly followed in growth and yield modeling can be
divided into three broad categories:
(1) whole stand models, (2) size class
distribution models, and (3) individual tree models.
This general
classification scheme, like all classification attempts, is not appropriate
for all models.
However, it does adequately portray many of the growth and
yield models for southern species and will serve as a means of characterizing
models discussed in this paper.
Models for even-aged stands will be discussed under each broad category.
This discussion will be followed by a short description of how the basic
modeling approach might be extended to the uneven-aged case.
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The factors most closely related to growth and yield of forest stands
are:
(1) the point in time in stand development, (2) the site quality, and
(3) the degree to which the site is occupied. For even-aged stands, these
factors can be expressed quantitatively through the variables stand age, site
index, and stand density, respectively. The measure of stand density most
commonly used in growth and yield models for natural stand has been basal area
per unit area, whereas most models for planted stands have employed number of
trees per unit area.
In the uneven-aged stand situation, age is not a usable variable for
growth and yield prediction purposes. Also, site quality assessment by site
index mehtods is questionable because of initial suppression of advance
reproduction, especially for tolerant species. Furthermore, site index is an
age-dependent variable. Thus, growth and yield models for uneven-aged stands
do not rely on age, and oftentimes do not include site index, as a predictor
variable.
Whole Stand Models
Even-aged Stands. Yield prediction in the southern U. S. began with the
development of normal yield tables for natural stands. Normal yield tables
were developed using graphical techniques, and the enduring "Miscellaneous
Publication 50" (Anon. 1929) yield tables constructed in this manner are still
being applied, to a limited extent, in the South.
A multiple regression approach to yield estimation, which took stand
density into account, was applied to loblolly pine stands by MacKinney and
Chaiken (1939). This milestone study in quantitative analysis for growth and
yield estimation is related to methods still being used.
Many investigators have used multiple regression techniques to predict
growth and/or yield for the total stand or for some merchantable portion of
the stand (such as Beck and Della-Bianca 1972, Bennett 1970, Bennett et al.
1959, Brender and Clutter 1970, Burkhart et d . 1972a, b, Clutter 1963, Coile
and Schumacher 1964, Dale 1972, Farrar 1979, Goebel and Warner 1969, Murphy
and Sternitzke 1979, Murphy and Beltz 1981, Schumacher and Coil 1960, Smith et
al. 1975, Sullivan and Clutter 1972, Sullivan and Williston 1977).
Stand
level variables such as age, site index, basal area or number of trees per
unit area are utilized in the whole stand approach to predict some specified
aggregate stand volume. Volume distribution by size class is not provided. A
commonly used multiple linear regression model for natural stands is:

where
Y
A
SI
BA
b i 's

=
=
=
=
=

net yield per unit area
stand age
site index
basal area per unit area
parameters to be estimated from the data.
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Whole stand models for plantations generally involve number of trees rather
than basal area per unit area as the expression for stand density.
Net growth is estimated by differencing predicted yield at two points in
time. When obtaining growth estimates by differencing a yield equation, it is
necessary to have a function that describes the change in stand density over
time. For natural stands this has generally involved an equation to project
basal area as a function of site index, initial basal area and age, and the
length of the projection period.
Numbers of trees per unit area must be
projected for typical models of planted stands.
These "survival curves"
commonly express the number of live trees at any given time as a function of
the number planted, site index and age.
Many of the published multiple regression models are highly empirical
"best fits to the data", although some work has been reported on
biologically-based model forms (for example, Pienaar and Turnbull 1973).
A
major improvement in model specification methodology was suggested by Clutter
(1963) when he derived compatible growth and yield models for loblolly pine by
ensuring that the yield model could be obtained by summation of the predicted
growth through the appropriate growth periods.
Subsequently, Sullivan and
Clutter (1972) refined and extended Clutter's models by simultaneously
estimating yield and cumulative growth as a function of initial stand age,
initial basal area, site index, and future age. When the future age equals
the current age (i.e., when the projection period is zero years), the
projection model is reduced to a conventional yield model.
Thus, it is
simultaneously a yield model for current conditions and a projection or growth
model for future conditions.
Uneven-aged Stands. Whole stand equations can be derived for uneven-aged
conditions by expressing yield in terms of elapsed time for a given initial
condition.
For example, Moser and Hall (1969) introduced the variable time
(in lieu of stand age) into their yield function for uneven-aged stands of
mixed northern hardwoods by assigning a relative time, t0, at some identified
point in the stand's development with initial condition Y0. Although their
models have not, to my knowledge, been fitted to data from uneven-aged stands
of southern species, the methodology should be appropriate and it does
represent one approach to yield prediction for uneven-aged stands.
Size-Class Distribution Models
Even-aged Stands. A number of models have been developed which consider
the stand in terms of the distribution of the number of trees per unit area by
size-class.
In most cases dbh classes have been used. The most common stand
models for southern species in this general category are based on a diameter
distribution analysis procedure (for example, Beck and Della-Bianca 1970,
Bennett and Clutter 1968, Burkhart and Strub 1974, Lenhart 1972, Lenhart and
Clutter 1971, Schreuder et al. 1979, Smalley and Bailey 1974a, b ) . In this
approach, the number of trees per unit area in each diameter class is
estimated through the use of a probability density function (pdf) which
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provides the relative frequency of trees by diameters.
Mean total tree
heights are predicted for trees of given diameters growing under given stand
conditions.
Volume per diameter class is calculated by substituting the
predicted mean tree heights and the diameter class midpoints into tree volume
equations.
Yield estimates are obtained by summing the diameter classes of
interest.
Although only overall stand values (such as age, site index, and
number of trees per acre) are needed as input, detailed stand distributional
information is obtainable as output.

The various diameter distribution models differ chiefly in the function
used to describe the diameter distribution.
Initial applications of this
technique (Beck and Della-Bianca 1970, Bennett and Clutter 1968, Burkhart and
Strub 1974, Lenhart 1972, and Lenhart and Clutter 1971) used the beta
probability density function, whereas more recent applications have utilized
the Weibull function (Clutter and Belcher 1978, Dell et_ al. 1979, Feduccia et
al. 1979, Schreuder et al. 1979, and Smalley and Bailey 1974a, b).
Regardless of the probability density function used, the procedure
involves estimating the pdf parameters for each plot in the data set (usually
by the method of moments or maximum likelihood) and then developing regression
equations to relate these parameter estimates to stand characteristics such as
age, site index and number of trees per unit area. Unfortunately, functions
for relating the pdf parameters to stand characteristics have not been fully
satisfactory. Currently, there is much interest in an alternative to the
conventional methods for estimating diameter distribution. This alternative,
sometimes called a "parameter recovery method," consists of forecasting
overall stand attributes (such as total cubic volume, total basal area) and
solving for the paramenters of a theoretical diameter distribution model (such
as the beta or Weibull) that will give rise to the overall stand attributes.
Such an approach provides a direct mathematical link between the overall stand
volume and the distribution of that volume.
Additional information on
parameter recovery methods can be found in the recent papers by Hyink (1980)
and Matney and Sullivan (1982) and in the Ph.D. thesis of Frazier (1981).
Uneven-aged Stands. Projection of stand structure in uneven-aged forests
has been accomplished through various techniques. Markov chains were used by
Bruner and Moser (1973). Ek (1974) developed nonlinear stand table projection
equations to predict periodic ingrowth, mortality, and survivor growth in
northern hardwood stands.
Diameter distributions in regular, uneven—aged stands are inverse
J-shaped. Relative frequency curves, such as the Weibull function, can assume
this inverse J-shape, and can thus be used to model diameter distributions in
uneven-aged stands. Modifications are necessary, however, to express the
parameters as functions of some initial value and elapsed time from that
initial value. Hyink and Moser (1979) illustrated this general approach for
uneven—aged stands through the use of a simultaneous solution of a system of
differential equations to predict both the stand attributes (ingrowth and
mortality) and the Weibull distribution parameters as functions of elapsed
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time from a given set of initial stand conditions.
Stiff (1979) followed a
similar procedure for projecting mixed-species Appalachian hardwood stands by
numerically integrating a compatible, simultaneous set of differential
equations to arrive at the average annual changes in the parameters of the
left-hand truncated Weibull distribution and the number of trees per acre.
Individual Tree Models
Even-aged Stands. Approaches to predicting stand yields which use
individual trees as the basic unit are commonly referred to as "individual
tree models".
The components of tree growth in these models are linked
together through a computer program which simulates the growth of each tree
and then aggregates these to provide estimates of stand growth and yield.
This approach, while receiving extensive attention and application in the
Western and Lake States regions of the U. S. as well as in Canada, has not
been applied widely in the South.
Individual tree models are generally divided into two classes, distance
dependent and distance independent depending on whether or not individual tree
locations are required tree attributes.
Distance independent models project
tree growth either individually or by size classes, usually as a function of
present size and stand level variables such as site index and basal area per
unit area.
These models vary widely in structure; examples of distance
independent models are Dale (1975) and Stage (1973).
Distance dependent models that have been developed vary in detail but are
quite similar in overall concept and structure.
Inital data of a stand are
input or generated and each tree is assigned a coordinate location.
The
growth of each tree is simulated as a function of its attributes, the site
quality, and a measure of competition from neighbors.
The competition index
varies from model to model but in general is a function of the size of the
subject tree and the size of and distance to competitors.
Tree growth is
commonly adjusted by a random component representing genetic and/or microsite
variability, and survival is controlled either stochastically or
deterministically as a function of competition and/or individual tree
attributes.
Yield estimates are obtained by summing the individual tree
volumes (computed from tree volume equations) and multiplying by appropriate
expansion factors. The loblolly pine stand simulator developed by Daniels and
Burkhart (1975) is presently the only fully operational distance-dependent
stand model that has been published for a southern species.
Uneven-aged Stands. Growth and yield models which use individual trees
as the basic unit have been developed for mixed species, uneven-aged as well
as pure, even-aged stands. An example is FOREST, a model develped by Ek and
Monserud (1974) for simulating the growth and reproduction of even- or
uneven-aged mixed species stands.
Usual input for FOREST, a distance-dependent model, is a set of tree
coordinates and associated tree characteristics (e.g., height, diameter, age,
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clear bole length, and species). Tree coordinates and tree characteristics
may also be generated by the program. Each tree is then "grown" for a number
of projecting periods based on potential growth functions, modified by an
index of competition.
The competition index is based on the assessment of
relative tree size, crowding and shade tolerance. Mortality is obtained when
the probability of survival for a stem falls below a threshold value, which is
dependent on the competitive status of a tree.
In any "year" of the
simulation, optional reproduction routines may be called to allow for
regeneration by seed and sprout production of the overstory.
Output of the
model is in the form of periodic stand tables with yield and mortality for
various products.
Choosing an Appropriate
Growth and Yield Model
Decisions must be made for individual stands, for entire forests, and for
broad regional planning — the projection period and the level of stand detail
required may vary in each case.
In choosing appropriate growth and yield
models, one must be concerned with the reliability of estimates, the
flexibility to reproduce desired management alternatives, the ability to
provide sufficient detail for decision-making, and the efficiency in providing
this information. Obviously, no single growth and yield model can be best for
all possible problems.
It is quite logical that several different growth and
yield models — each of a varying amount of stand resolution or detail —
might be used for any given commercially-important timber type.
Daniels et al. (1979) compared three models for loblolly pine — a whole
stand model (Burkahrt £ £ al. 1972), a diameter distribution model (Burkhart
and Strub 1974), and an individual tree model (Daniels and Burkhart 1975) —
and noted that all performed similarly for simple yield estimates.
The more
detailed individual tree model, while providing greater detail and
flexibility, required much more computer time to execute than the diameter
distribution or whole stand models.
Although guidelines are given for the
efficient use of these models, there is no overall unifying structure, and
incompatible growth and yield estimates may result when the models are -interchanged.
In situations where predictions are required for a very broad
range of management decisions, it would be desirable to have a system of
growth and yield models capable of providing logical and consistent estimates
for varying degrees of stand detail (whole stand values, size class data, or
individual tree information), thus allowing users to efficiently compute
estimates with stand detail appropriate to the use of the information.
Daniels (1981) developed an intital framework for a system of integrated
stand models for loblolly pine. He proposed a "telescoping" system in which a
highly detailed overall stand model is developed and its components are
collapsed around this common structure to provide structurally compatible
models at each lower stage of resolution. Daniels' integrated system ranges
from an individual tree, distance-dependent model to a whole stand model.
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Another stand projection system designed to accommodate varying levels of
resolution is STEMS, developed at the North Central Forest Experiment Station
(USDA 1979).
Although "advantages" and "disadvantages" cannot be ascribed to different
modeling approaches except in the context of specific uses, general
characteristics of the various alternatives can be briefly described. Wholestand models can generally be applied with existing inventory data and are
computationally efficient.
However, whole-stand models do not provide
size-class information needed to evaluate various utilization options and
product breakdowns and usually cannot be used to analyze a wide range of stand
treatments.
Diameter-distribution models require only overall stand values as input
but provide detailed size-class information as output.
Thus, alternative
utilization options can be evalutated.
Computationally, these models are
somewhat more expensive to apply than whole-stand approaches, and they are
generally not flexible enough to evaluate a broad range of stand treatments.
Individual-tree models provide maximum detail and flexibility for
evaluating alternative utilization options and stand treatments.
They are,
however, more expensive to develop, require a more detailed data base to
implement, and are much more expensive to apply, requiring sophisticated
computing equipment and greater execution time for comparable stand estimates
than the whole-stand or diameter-distribution models.
Assumptions Involved in
Growth and Yield Estimates
When applying estimates from growth and yield models on an area basis one
should keep in mind some of the general assumptions that are involved in
virtually all models:
1.

The stand is relatively homogeneous with regard to the independent
variables (e.g., age, site index, basal area) used to predict stand
values.
If. there is significant variation in variables such as site
or stand density for a given area, the area should be stratified
into reasonable homogeneous stands and predictions made separately
for each of these stands to ensure accurate results.

2.

Non-productive areas (e.g., roads and "fail spots" in plantations)
are deducted before expanding yield estimates to a stand basis.
It
is important that net area, not gross area, be used in order to
avoid overestimates.

3.

All material meeting minimum merchantability standards is utilized.
No allowance is made for logging breakage or other losses during
harvest. Consequently, adjustments must often be made in predicted
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values from growth and yield models to approximate volumes that are
likely to be realized under local harvesting and utilization
conditions.
Summary
A wide variety of growth and yield models — ranging from whole stand
models that provide only a specified aggregate stand volume to models with
information about individual trees — have been developed.
No single model
can be expected to be "best" for all purposes. In choosing a growth and yield
model one must be concerned with the stand detail needed for the particular
decision at hand and the efficiency in providing this information.
When computing growth and yield estimates on an area basis, one should
stratify the area into relatively uniform stands with regard to the
independent variables, deduct all non-productive areas from the overall
acreage, and allow for anticipated losses during harvest or deviations from
the assumed utilization standards in the yield model.
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FOREST MANAGEMENT PLANNING
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Introduction
Forest management planning involves the integration of all forestry
disciplines and requires an understanding of all characteristic of the forest
resource. The most important characteristics of the forest resource are that
it is renewable and that it grows, making growth and yield information vital
to forest management planning.
Both the forest resource and forest management
practices are dynamic in nature, making state-of-the-art growth and yield
modeling necessary to an efficient decision-making process.
Forest management planning can involve the use of all forms of growth and
yield— from that of an individual tree to that of an entire region, and from
estimating current inventories to predicting long term timber supplies.
Both
growth and yield may be used simultaneously in a particular task or they may
be used separately. Yield is accumulated growth, but it can be expressed in a
variety of forms.
Yield can be expressed in the form of volume or weight,
with volume expressed as cubic feet, cords, cubic meters or board feet (of
various scales) and weight as either green or dry. Yield can be expressed as
either total biomass or as a merchantable portion determined by utilization
standards. Yield can be concerned with the volume or weight of an individual
tree, a stand of trees, a forest or an entire region. Growth, likewise, can
be expressed as change in diameter, basal area, height, volume or weight, and
can be concerned with that from an individual tree to that from an entire
region.
In addition, growth can be expressed in physical terms or in terms of
value growth.
Each of these means of expressing growth and yield can be
useful in forest management planning.
The nature of forest management in the South creates a difficulty in
growth and yield prediction.
Forest management practices and therefore
characteristics of resultant timber stands have been undergoing vast changes
in the past, and significant changes can be expected in the future.
Ideally,
data used for growth and yield estimates would be from stands similar to those
being projected.
However, data from mature stands are currently being
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collected from stands established over 25 years ago, when management practices
differed substantially from current practices. By the time abundant data are
available from practices presently used, methods will have changed again. For
example, the large majority of data from plantations over 25 years old are
from old-field sites while relatively little data are available from older
plantations established on site prepared areas.
Data from plantations
established on site prepared areas will become much more available over the
next 5-15 years, during which time a large percentage of plantations will be
established using genetically improved stock, and both site preparation and
regeneration methods may very well experience some changes. The difficulties
presented to growth and yield prediction in the South do not signify an
inability to make accurate projections, but lead to the necessity of
maintaining state-of-the-art methods.
Overview of Forest Management Planning
Generally, the forest management planning process is a cycle beginning
with the establishment of broad goals, proceeding through the evaluation of
relevant data and ending with the development of strategies for achieving
specific goals and operating plans for applying the strategies. The process
of forest management planning can differ significantly for each of the three
major ownership classifications:
1) public, 2) forest industry and 3)
nonindustrial private. Applications of growth and yield, however, serve the
same purposes regardless of the ownership. Management of public forests, on
most lands, is governed by a non-declining even-flow policy with multiple-use
considerations. Forest managment of forest industry is driven by the profit
motive, with both short and long term considerations.
Forest management by
nonindustrial forest landowners is motivated by a wide variety of factors,
from aesthetics to financial returns.
Once management objectives have been defined, evaluation of pertinent
data is needed for developing strategies.
Data relevant to the planning
process for timber industry are:
1.
current forest inventory data:
2.
mill requirements by product
3.
growth and yield data
4.
costs and prices of relevant items
5.
competitor data— resources and mill requirements
6.
regional supply and demand projections
Past management practices on a forest ownership are important in
determining the optimum current and future management strategies, since past
practices are responsible for the current condition of the forest.
Past
trends in forest management have resulted in a combination of timber types on
the majority of large forests ownerships in the South that can be summarized
as follows:
1.
natural stands to be converted to plantations
2.
old-field plantations, the majority in the age range of 15-35
years and planted at relatively high densities
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3.
4.

plantations established on cutovers, the majority less than 15
years old
natural stands that will not be converted to plantations and will
be managed as either even-aged or uneven-aged
Uses of Growth and Yield Predictions

Without growth and yield prediction, forest management planning can only
serve as a guide for liquidating the existing forest inventory.
With timber
management in the South being based upon young and growing stands, accurate
growth and yield information is necessary, because crucial decisions rest
directly upon it. Some of the most important applications of growth and yield
are:
1.
estimating current inventories
2.
determining harvest levels
3.
scheduling compartments or harvests units for harvest
4.
analyzing alternative stand treatments
5.
developing regional resource availability studies
6.
determining site productivity
7.
evaluating potential land and timber acquisitions
8.
analyzing investments such as tree improvement programs and
nurseries
Estimating Current Inventories
The most important data for development of a forest management plan is
current forest inventory. Modeling of both growth and yield may be necessary
for estimating current volumes.
Since entire forest ownerships are rarely
inventoried annually, growth modeling is necessary to estimate current
inventories based upon past information.
Since forest inventories are usually
conducted at intervals of five years or fewer, only short term growth
estimates are required.
The type of growth and yield model used to update inventory data varies
by the type of inventory method used. Methods include plots, strip, point and
3—P sampling, all of which require individual tree measurements.
Individual
tree measurements include d.b.h. and some measure of height.
The height
measurement can be to a top diameter based on utilization standards or can be
total tree height.
Since the forest inventory is based upon individual tree measurements,
the associated growth and yield model used for updating the data should be
able to predict on an individual tree basis.
An appropriate model will
estimate the current d.b.h. and height based upon past measurements.
The
growth rate will be dependent, not only upon the past measurements but upon
site quality, age, stocking and the individual tree's ability to grow relative
to other trees in the vicinity.
Since growth for estimating inventories is
short term in nature, climatic variations will have an effect, possibly the
largest effect, upon actual growth.
Growth and yield models have not been
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developed which consider climatic variations, but their effect should be
considered in short term projections of historic data.
Sources of data for individual tree growth can be radial growth
measurements or successive measurements from permanent plots. Models can be
complex or as simple as growth percents.
Using growth percents, although
simple, can lead to erroneous decisions if used indiscriminately.
Growth
rates on a given site will change with age and stocking, rather than
maintaining a constant level over the life of the stand.
These changes in
growth rates over time should be inherent in growth and yield models.
Using certain modeling techniques for updating inventory data may require
the acceptance of assumptions which are weak at best.
If mortality were
entered into the system, a process would have to be available for predicting
which trees would not survive during the update period. An additional
difficulty encountered in point-sampled inventories is predicting non—growth.
A re-inventory of past measurements would reveal that some additional trees
have become "in" trees since the initial inventory. Currently available means
of predicting non-growth on point sampled inventories are prohibitive. Due to
a lack of more efficient methods, the assumption is often made that mortality
will equal ingrowth and all growth in ongrowth and ingrowth on initially
inventoried trees.
An alternative to modeling individual tree growth, which would negate the
need for modeling mortality and ingrowth, is whole stand modeling.
Using
whole stand modeling, however, would result in a lack of flexibility in
predicting changes in product classes and flexibility for accepting
alternative utilization standards.
Estimating product yields from inventory data is vital in determining the
value of a given stand. Product yields can be dependent upon a combination of
bolt or log length, top diameter, form, straightness and limbiness.
Similar
stands on different ownerships can be valued differently due to processing
procedures and timber procurement policies.
The best estimate of product
yields in individual tree observations can be derived from actual field
observations — with a determination of the product distribution within each
tree. This method, however, can be time consuming and can reduce flexibility
if utilization standards change. A commonly used method is to measure d.b.h.
and one hight, either total or to a merchantable limit, and to use a method
for estimating products within each tree based upon those variables.
An
option can be provided for downgrading all or part of a tree to a lower valued
product. Methods used for determining product volumes within individual trees
are:
1.
2.
3.

product volume equations - predict the volume of a specific product
within a tree using regression equations
volume ratio models - can predict the ratio of merchantable to total
volume to a specific top diameter or height
taper equations - through a description of tree form, volume within
segments can be determined.
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Both volume ratio models and taper equations can be used to estimate
product volume within bolts or logs of specified length with minimum top
diameters.
Downgrading due to factors such as limbiness or sweep would have
to be accounted for through the inventory method. Actual product yields can
be dependent upon logging practices.
Trees cut as tree-length will generate
different products from those cut as logs, even though the trees may be of
equal size and quality. Yields can be modeled to account for such differences
in procurement practices.
Determining Harvest Levels and Scheduling Harvests
Once forest inventory levels have been established, the most critical
decision in the development of management strategies is harvest levels.
Determination of harvest levels is of fundamental importance both in currently
supporting a forest business and in shaping its future.
Philosophies behind
harvest goals can differ on each ownership.
Generally, the goal of forest
industry ownerships is to maximize short term cash flows while assuring long
term profitability.
The degree to which short term profits are favored,
however, can vary by company and by regions within companies.
The long term goal on most large ownerships is full regulation regarding
distribution of timber age, size and quality.
Calculation of an allowable
cut, or sustainable yield, through use of both area and volume control, would
result in a regulated forest at the end of one rotation.
If a forest business
is to be maintained, it is necesary to establish a cut that is within the
capacity of the forest to sustain, and that will result in a reasonable degree
of forest regularity.
Operational constraints and economic conditions,
however, will affect the actual harvest schedule adopted.
Some of the major
factors affecting determination of harvest levels are:
1.
2.
3.
4.
5.
6.

demand for available timber
profitability of harvesting fee timber versus outside timber
regeneration constraints
comparative productivity of current stands versus subsequent
plantations
current timber availability and its growth rate
future harvest levels desired

Under certain circumstances management may decide to accelerate the
harvest past that of a sustainable yield.
Advantages of doing so would be
increased short term cash flows and increased potential productivity of the
ownership through establishment of plantations.
Disadvantages would be that
the forest business would be left with a short-fall following the conversion
of natural stands and before plantations reach rotation age.
In addition, the
resultant forest would not be regulated by age.
Due to the short-fall,
management would be faced with the task of acquiring additional timber or
timberland if sourcing requirements remain unchanged.
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Regardless of management's goals in harvest scheduling, growth and yield
information is critical in evaluating alternative strategies.
Primarily,
growth and yield information is necessary in determining future timber
availability given alternative harvest levels. Additionally, growth and yield
information is useful in determining the optimum scheduling of stands of
harvest units for harvest.
When strategic or operating plans are developed for 5-10 years, it is
necessary to evaluate their effect over the 25—50 year planning period.
Incorrect growth and yield assumptions can lead to wrong decisions and can be
costly. The more planned harvest levels vary from the sustainable yield, the
more critical are growth and yield assumptions.
If plantations do not become
merchantable when projected, the company could be faced with a short-fall
before plantations can be harvested. Likewise, if plantations did not yield
the expected products, problems could result in sourcing mills.
Even if
future yields are underestimated, potential profits could be forfeited in
planning for a smaller harvest than necessary.
Scheduling methodology differs by company but usually some form of area
and volume control is used.
Selection of stands to be harvested may depend
solely upon stand age or stocking. More sophisticated methods include linear
programming and simulation models, both of which can allow for factors such as
area and volume control, operability constraints, stocking constraints and
accessibility. Alternative harvest schemes are evaluated by growing stands to
various time periods and allowing for different combinations of harvests to
find the optimum schedule.
Management's goal may be maximization of net
present value, maximization of early cash flows, minimization of costs or
maximization of growth.
Scheduling harvests based upon a common rotation age for all stands on an
ownership will result in some being harvested too soon and others too late.
Determination of the optimum rotation age using either physical of financial
indicators will result in a range of ages for different stands within a
forest.
Optimum rotation age will vary by species, stocking, site
productivity and the relative value of the various products derived from
different sized trees.
The effect of thinning and other silvicultural
practices will also affect the optimum rotation age for a given stand.
Clearly, the question of when to harvest a particular stand is one which
should not be taken lightly.
Calculation of the optimum rotation age is
usually applied only as a guide and rarely strictly adhered to. The actual
field application of harvest scheduling must consider factors such as
accessibility, operability and mill needs.
Growth and yield models can be
useful, however, in estimating when a stand will reach maximum mean annual
increment or maximum net present value.
In non-regulated forests with a goal of being regulated, stands (or
harvest units) are not scheduled based solely upon their own growth patterns,
but are considered in relation to the entire forest. Relating the growth and
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yield of all stands (or at least all merchantable stands) within a forest can
be a demanding job for a forest manager, requiring the use of a computerized
optimization model.
The growth and yield system within a harvest scheduling model must be
capable of projecting growth for a variety of stand types, differentiating
between growth patterns at various stocking levels, ages and site qualitites
and projecting long term growth (up to one rotation).
Importatnt
considerations in selecting an appropriate growth and yield model are
reliability of the estimates and efficiency of the model, especially when
large ownerships are being evaluated.
Computer time can be very expensive
even though less than a minute or even a fraction of a second may be required
to project the growth of each stand. Computer time for individual tree models
may be much greater than that for diameter distribution models, while whole
stand models generally require the least computer time.
Most whole stand models are not capable of providing necessary yield
information by size classes, but exceptions can be found.
For example, the
whole stand model of Schumacher and Coile (1960) can be used to generate
statistics such as number of trees per acre, average d.b.h. and basal area.
Based upon these statistics, prediction equations can be developed to estimate
product volumes within a given stand, given the total merchantable volume.
Diameter distribution and individual tree models provide more detailed
information but are more expensive to apply. Whole stand models are not
flexible for reproducing alternative management practices to the extent that
diameter distribution and individual tree models are, but alternative
management practices are usually not considered when scheduling harvests.
In
the interest of efficiency, the questions of harvest scheduling and optimum
forest management practices are usually considered individually, with the
latter being developed prior to harvest schedules.
If the chosen management
practices can be modeled with whole stand models, the estimates are reliable
and product volumes can be derived, there may be no need for more expensive
models.
Many growth and yield models must begin their projections from the year
of stand establishment, so do not allow for the entry of current stand
parameters for the base of projections. Means ave available for circumventing
this problem, depending upon the type model used.
Parameters such as trees
per acre can be discounted back to stand establishment, from where projections
can be made to future years.
To further insure reliability of the estimate,
both current and future yields can be estimated using the model and the
difference between the two can be added to the actual current volume. Using
this method, the growth estimate is added to inventoried volumes, rather than
projecting future yields based solely upon an estimate of stand parameters at
stand establishment.
Analyzing Alternative Stand Treatments
Scheduling harvests usually does not require elaborate models capable of
analyzing alternative stand treatments.
In evaluating responses to intensive
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forest management practices such as thinning and fertilization, it is critical
that the best growth and yield model available be used.
Since there is no
comprehensive data set available from such practices, the decision-making
process involves growth and yield modeling only as a guide.
In the final
analysis, management has to decide how much confidence to place in the model
results.
The emphasis of data collection continue to related to response to
cultural practices has been and will continue to be from plantations.
Several
questions arise during the life of a plantation where growth and yield
modeling could be useful:
1.
site preparation intensity
2.
planting spacing
3.
thinning — age and intensity
4.
fertilization
5.
control of competing vegetation
6.
pruning
Data are available for assisting in answering some of these questions
individually, but little is known about interactions between various forest
management practices.
Information is lacking from different site preparation
intensities, thinning treatments on site prepared stands and fertilized
stands. Reasonably good information is available for stands established at
different densities.
In choosing a growth and yield model for evaluating alternative
management practices, it is important to not only choose the correct type of
model, but to consider the data base used for developing the model.
One
problem with applying research data from practices such as thinning and
fertilization research data from practices such as thinning and fertilization
is that the research procedures may not represent actual large-scale
operational procedures.
In addition, localized data may not be applicable in
other geographic or physiographic regions.
Recent unpublished studies have
shown that little differences exist in the development of loblolly plantations
over its natural range. This thesis deserves further study.
If sufficient data were available, the best model for evaluating
alternative forest management practices would be an individual tree model. An
individual tree model would allow for the evaluation of a particular treatment
on each tree in a stand. Diameter distribution models are less flexible but,
again, with sufficient data, can be useful for evaluating responses to some
practices such as thinning and fertilization.
Due to the limited data
available from thinned and fertilized plantations established on cutovers,
assumptions have to be made in the development of models such as response time
and the effect of different intensities.
Although growth and yield models may not be capable of reproducing
alternative stand treatments, they can accompany financial analysis methods
such as break-even analysis in the evaluation of alternative investments.
If
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reasonable assumptions can be made concerning the responses to various
treatments, prudent decisions can be made with a combination of experience,
good judgment, growth and yield modeling and financial analyses, but not
necessarily in that order.
Regional Resource Availability Studies
Few forest businesses are completely independent in sourcing their mills.
Planning for availability of outside timber is an important aspect in long
term forest management planning, since sourcing mills requires a combination
of fee and outside wood.
Although forest industry has limited control over
the timber availability from outside sources, management has some options for
insuring that adequate volumes are available in the future.
It may be
profitable to invest in additional timberland or to assist in managing private
nonindustrial forest ownerships.
Long term resource availability studies should predict not only total
volumes that will be available by ownership class, but also the products that
can be derived from the volume.
Opinions vary as to what will be the most
profitable product in the future — from fiber to clear veneer grade wood.
Management plans are developed to result in the desired product, while
considering the expected profile of outside timber.
The predict long term
resource availability and profile, studies consider the following factors:
1.
growth on all forest landholdings within a drain area, by ownership
class
2.
availability of outside timber — propensity to sell
3.
conversion of timberland to other uses
4.
competitors' supply and demand situations
The primary source of regional data is from the U.S. Forest Service
Survey, which is conducted every ten years in each of the Southern states.
Data are available by ownership class within groups of counties (or parishes).
With the survey data, historic rate of change can be calculated from previous
surveys.
Rate of change is a combination of growth, mortality, harvests and
conversion of forestland to other uses.
Historic rates of change may be
indicative of current and future rates, but several factors affect rates of
change over time:
1.
national policies — harvest levels on National Forests
2.
changing productivity of stands
3.
regional supply and demand of stumpage
4.
changes in ownership
Since the regional rate of change varies by ownership class, it is
important to consider factors related to each class. National policy mandates
a non-declining harvest from National Forests, but additionnal lands could be
withdrawn as wilderness areas or other special uses.
The lack of intensive
forest management on nonindustrial ownerships will result in continually
decreasing productivity without investments from outside sources.
Federal
funding of incentive programs may very well halt in the near future. If
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investments in intensive forest management continue from forest industry,
their holdings will continue to improve in productivity.
Site Index Determination
A measure of site productivity is necessary for growth and yield
prediction.
In the South, height of dominants at a base age of either 25 or
50 is the measure most commonly used. An assumption in using site index is
that stand density has a negligible effect on height growth.
Alternative
methods of measuring site quality are available but there is little indication
that they will be implemented in the South.
Since site index is fundamental to any growth and yield prediction,
determination of site index on an ownership should not be taken lightly.
Small errors in site index can result in significant errors in growth and
yield prediction. Estimation of site index should be a continuous process on
large forest ownerships, since several studies have shown that site index
estimates can change over time. Recently published site index curves indicate
that height growth of Loblolly pine during the latter years (30-50) is steeper
than previously modeled in work such as Coile and Schumacher (1964).
This
indicates that site index estimates using older equations may underestimate
the actual height of dominants at age 50.
Incorrect site index determinations can result from either using the
wrong set of curves or can be due to the trees selected as site index
indicators.
In natural stands, the current stand may be composed of trees
released from past overstory removals, in which case the trees used for site
index determination could have been overtoped at one time.
Significant
differences have been found in site index curves derived in different areas of
the South, especially when using a 50-year base. Using a 24-year base reduces
the differences in site index determination since better data are available
from stands up to 30 years old.
Land and Timber Acquisition
Forest management planning can involve potential acquisitions of both
forestland and outside timber.
In both short- and long-term cutting
contracts, timber is usually allowed to grow until the last opportunity to
harvest the timber. Understanding how the timber will grow over the period of
the contract is necessary od determining bid prices.
Stand table projections
are commonly used for simulating short-term growth of stumpage purchases.
Stand table projections are generated by estimating the diameter growth of
each diameter class.
The current value of timberland is dependent upon three primary factors:
1) location and accessibility, 2) site productivity and 3) current stocking.
Assuming that potential acquisitions are currently stocked with timber, growth
and yield modeling is used to predict yield of both the current stand at
harvest and the subsequent plantation.
Without accurate growth and hield
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predictions, calculated appraised values
concerning land purchases or trades.

can lead

to the wrong decision

Miscellaneous Applications
Growth and yield information can be used in evaluating essentially all
investments in forestry.
Investments in tree improvement programs, nurseries
and research studies should be justified by how they will add to improved
productivity of a forest. Without applying growth and yield information, such
investments are based only upon personal judgement.
Investing in replants or interplantings can be analyzed using growth and
yield information in conjunction with financial analysis.
Calculating the
value of premerchantable stands for various purposes also requires the use of
growth and yield prediction.
Planning for mill construction and expansion requires growth and yield
information for not only predicting availability of timber but for making
decisions in the design of the mills. Expected size of the material sourcing
a mill is critical in the design of various components of a mill.
Summary
Accurate growth and yield information is essential for forest management
planning.
Applications include forest inventory estimation, harvest
scheduling, evaluation of cultural practices, timber availability studies,
land acquisition appraisal, and site quality determination. Growth and yield
information can be used in evaluating essentially all investments in forestry,
since a growing, renewable resource is the foundation of forestry.
State of the art in growth and yield modeling lags behind changes of
forest management practices due to the time period involved.
Since no growth
and yield model can be expected to duplicate actual field conditions,
decisions involving growth and yield require a combination of mechanical
analysis methods, personal judgement and experience.
Different tasks require different models, which can generate
significantly different results.
Ideally, an integrated system of stand
models, such as proposed by Daniels (1981), would allow for different levels
of resolution using a common mathematical growth structure.
The forest
manager is not likely to be able to say which models are right and which are
wrong, but is responsible for making decisions based upon the best available
information.
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PREDICTING GROWTH AND YIELD IN MIDSOUTH PINE PLANTATIONS

Tommy R. Dell
Project Leader, Statistical Methods
Southern Forest Experiment Station
New Orleans, Louisiana

The Pine Planting Program
The first large scale southern pine planting operation was begun 60 years
ago within 100 miles of Baton Rouge, LA.
Since that time approximately 30
million acres have been planted. This massive and continuing effort has been
motivated by the expectation of increased yields, and we are consequently very
concerned with the ability to forecast these yields.
To some extent a
positive feedback loop has functioned in that more planting provided incentive
and data for better yield forecasting which in turn stimulated planting
increases.
Any explanation of the status of plantation yield forecasting is
necessarily couched in terms of past planting activities. Planting rate data
from Williston (1980) covering the period 1925-1979 show that, for the South
as a whole, the dominant factor has been an increasing rate of planting by
industry. From essentially no planting during World War II, the industry rate
has grown in an almost linear trend until it is now about one million acres
per year. Landowners in other categories are now collectively planting about
one-half million acres per year. However, there was a period (1957-1961) when
nonindustrial private owners, under the aegis of the Soil Bank Program,
planted at a very high rate which peaked out in 1959 at over one million acres
annually.
In addition to the pattern of consistent expansion, the southern pine
planting effort has been characterized by changes of other types.
In the
early years sites were planted that did not require any preparation beyond
burning. Throughout the South this involved old-fields, but in the Midsouth
there were also areas designated as problem-free sites. These had never been
in agricultural use; following cutting of the virgin forests, years of grazing
and repeated burning served to control woody vegetation so that pines could be
successfully planted without intensive site preparation.
Another category,
termed rough-woods or cutover sites, involves planting soon after removal of a
timber stand and is generally in direct competition with remnants of the
residual woody understory. When the old field and problem-free areas had all
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been planted, and undesirable results were apparent from planting rough-woods
situations, site preparation became prevalent. Other significant changes have
accompanied the switch to intensive site preparation; they involve more
emphasis on both loblolly pine and using seed from tree improvement programs.
Another major feature of the changing planting pattern is that the
intense industry efforts have spread from east to west. This point was made
with particular reference to the Midsouth by Thomas and Hedlund (1981) in
their evaluation of plantation thinning opportunities, utilizing data through
1978.
Currently the Midsouth accounts for one-half of the million acres
planted per year by industry.
A very recent evaluation of the industry
program revealed that planting increases in this area have continued through
the current season, with a few setbacks related to poor survival at the
western extremes (Guldin 1982).
I think we can assume that pine plantations
will become progressively more important in the Midsouth. There will be more
plantation acreage, and plantations will occupy more of the areas considered
critical by virtue of site quality and proximity to mills or transportation
systems.
Characteristics of Pine Plantation Growth and Yield Research
Changes in planting practices have necessitated a constant updating of
growth and yield results, data bases, and associated extrapolation. We are
most interested in predicting yields 30 years into the future for the types of
plantations established over the past 30 years. Since these plantations were
established under circumstances different from what we now have, it is an
inherently abstract endeavor. Results from old-field and problem-free sites
planted with run-of-the-woods stock are extrapolated to prepared sites planted
with selected pine families.
Plantation yield forecasting differs from the inventory or stocktaking
activities associated with the more static forest situations.
Data on
specially selected or experimentally created conditions are of interest. With
the focus on the future and the kinds of stands that could be created, the
most recent plantation establishment methods are of greatest interest.
Some features are common to growth and yield research for plantations as
well as other types of stands.
It is obvious that growth and yield methods
are intrinsically quantitative and one should not expect simple, yes/no
answers.
Much attention is given to the influences of stand density and
consideration of group dynamics.
Insofar as is possible, the predictions
include size class distributions to facilitate product yield and economic
analyses.
Existing Systems
Fortunately, much has been done in recent years to summarize the status
of pine plantaion yield prediction systems.
In preparing for new emphasis on
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Southern timber growth and yield research, the Forest Service developed
planning documents (Farrar and Dell 1978, Ware 1979, Dell and Ware 1979) that
have been widely distributed. Farrar (1979), Burkhart (1981) and Burkhart et_
al. (1981) provided overviews related to Southern pine plantation yields. A
paper by Ware et al. (1981) gives a very comprehensive wrap-up on slash pine.
Two other documents deserve mention.
One is a manuscript related to a
workshop (Feduccia 1982). The other is committee correspondence (Bower 1981)
concerning a draft of the Southern growth and yield section for the revision
of the Forestry Handbook by the Society of American Foresters.
This overview paper concerns growth and yield prediction systems, not
individual study results. Much of the data from older studies has been pooled
and is used along with new information to define sets of equations for making
predictions.
The equations are usually incorporated into a computer program
to facilitate predictions and this quantitative synopsis constitutes a
prediction system. Williston (1975) provided a selected bibliography that can
be consulted for individual study results.
My approach is to present the draft summary table for Southern pine
plantations intended for the revised Forestry Handbook, add some recently
published items, and offer interpretations including specifics for the
Midsouth situation.
In viewing Table 1, recall the planting program
background and recognize that the current need is for thinned stand results on
site-prepared lands.
Inspection of Table 1 shows that the goal has not been
reached in any of the four species. Unthinned systems for loblolly and slash
pine on prepared sites have been devised by the University of Georgia (Smith
1978, Clutter and Belcher 1978), but no plots were taken in the Midsouth. The
Coile and Schumacher (1964) system for both slash and loblolly did include
some Midsouth data but not on prepared sites.
It does not give predictions by
size class, and the thinned data were very limited.
Considering only unthinned stands, the major Midsouth results for
loblolly are contained in three systems: old-fields in the interior West Gulf
(Lenhart 1972), old-fields in the Southern Highlands (Smalley and Bailey
1974a) and problem-free sites in the West Gulf (Feduccia et al. 1979).
From
the viewpoint of Midsouth users, the Daniels et al. (1979), Strub et a l .
(1981), and Matney and Sullivan (1982) papers are mainly concerned with
techniques. There is now no thinned stand/size distribution prediction system
recommended for general use in the area. However, the program associated with
the Matney and Sullivan system (1982) has been quickly pressed into service to
fill the void despite the limits of their data base, as has the system given
very recently by Cao et al. (1982).
The story for Midsouth slash pine is similar.
The comments about the
Coile and Schumacher (1964) system are the same as was given for loblolly.
Dell e_t al. (1979) provides the only system based on data from the area and it
is from problem-free sites and unthinned stands.
A computer program
(USLYCOWG) implementing this slash pine system and also the corresponding one
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Table 1.

Selected references on growth and yield of southern pine plantations arranged by
species, site type, and thinning treatment.—

Not Old Fields

Old Fields

Thinned

Unthinned

Unthinned

Thinned

Burkhart & Strub
(1974)

Colle & Schumacher
(1964)

Coile & Schumacher
(1964)

Coile & Schumacher
(1964)

Burkhart et al.
(1972)

Daniels et al.
(1979)

Daniels et al.
(1979)

Daniels et al.
(1979

Coile & Schumacher
(1964)

Cao et al.( 1 982)

Feduccia et al.
(1979)

Myers

Daniels et al.
(1979)

Matney & Sullivan
(1982)

(1977)

♦Smith )(978)

Strub et al.
(1981)

♦Cutter & Belcher
(1978)

Coile & Schumacher
(1964)

Goebel & Shipman
(1964)
Lenhart (1972)
Lenhart & Clutter
(1971)
Smalley & Bailey
(1974a)

Bennett & Clutter
(1968)

Coile & Schumacher
(1964)

Bennett et al.
(1978)

Clutter & Jones
(1980)

Coile & Schumacher
(1964)

Bennett et al.
(1959)

Bailey et al.
(1981)

Dell et al. (1979)

Colle & Schumacher
(1964)
-Shortleaf Pine--------- -----Smalley & Bailey
(1974b)
-Longleaf Pine---------------Lohrey & Bailey
(1977)

1./

This table is adapted from a draft revision of the Forestry Handbook (Bower, 1981) by
adding the entries given in italics and the asterisk to designate prepared sites.

2/

^Prepared sites
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on loblolly (Feduccia et al. 1979) is available.
Thinned slash stand
predictions are currently being made with the program provided by Clutter and
Jones (1980) or by individual implementations of the equations given by Bailey
et al. (1981).
Data for these systems are from old-field sites in the
Atlantic South States.
There is only one system for shortleaf and it addresses unthinned
old-fields in the Southern Highlands (Smalley and Bailey 1974b). A computer
program that covers both this system and the companion work on loblolly can be
obtained from the Southern Station. Longleaf plantations are also represented
by only one system (Lohrey and Bailey 1977) at this time. The data were from
unthinned, problem-free sites in Louisiana and Texas.
The program is also
available from the Southern Station.
Thus far we have been occupied with a broad view of historical
developments and research documentation.
Let's now become very specific and
look at two yield tables from a currently used M idsouth system (Feduccia et
al. 1979).
Loblolly was selected because it is emphasized more in present
planting operations.
The problem-free site results are assumed to be of
greater interest than old-field systems, because it is thought that they will
more closely approximate the yields from site-prepared areas. Yield estimates
for site-prepared areas in the Midsouth are not yet available.
The data base
for this system is larger at this point in time than any other in the Midsouth
and work is underway to define a thinned stand model to extend the present
unthinned results.
Table 2 gives detailed yield predictions for the unthinned stand at 15
and 20 years, assuming 800 trees per acre were planted on site 60, and ideal
survival occurred.
The 15-year stand has an average height of 45 feet for
dominant and codominate trees with 565 surviving stems in d.b.h. classes
ranging from 2 to 10 inches.
In the 6-inch class the average crown ratio is
45 percent and the average total height is 44 feet.
Cubic foot volume for
eight sets of specifications are given. The quadratic mean d.b.h. (d.b.h. of
the tree of average basal area) is 6.4 inches and the mean crown ratio of all
trees is 46 percent.
If site index is defined for a 50 year reference age, it
is 88 feet. Parameters for depicting the frequency by d.b.h. class with the
Weibull distribution are given.
The lambda parameter is concerned with
defining the relationship of the expected crown ratio, given d.b.h.
Contrast of the 15- and 20-year statistics expresses the assumed ideal
survival. Only 63 trees have died, basal area has increased by over 23 square
feet, and total volume, including bark, by over 1,000 cubic feet. Obviously
crown ratios are falling but still average about 40 percent. Under different
options the system can predict yields with a specified number of surviving
trees rather than having this number determined by some assumed survival
function.

Table 2.

Yields, given number of trees planted (800), site index (60 on 25-year basis) at 15 and 20 years of age.Cubic Foot Volume

Growing
Seasons
Since
F.st •
Yrs.
15

Av._.
D&CDBH
Ht.
Ft.
45

In
2
3
4
5
6
7
8
9
10

Steins
Per
Acre

Basal
Area

CR-

Av.
Ht.

No
3
18
53
104
143
133
79
27
5

Ft2
.1
.9
4.6
14.2
28.1
35.5
27.6
11.9
2.7

Pct
31
36
40
43
45
48
50
52
53

Ft
25
33
38
41
44
46
47
48
49

565

125.6

5-Inch Class and Greater, Stump Height 0. 5 feet
— For O.B. Tops of2 Inches
3 Inches
4 Inches
l.B.
O.B.
O.B.
1 .B.
O.B.
l.B.

Al 1 Trees
Ground
To Ti P
O.B.
l.B.

Ft3
1
14
86
287
615
821
657
274
64

1
9
62
219
483
657
533
218
52

265
577
777
624
259
61

203
455
625
509
208
49

232
548
755
614
256
60

177
433
608
501
205
49

145
457
702
590
248
59

105
356
564
481
198
48

2819

2234

2563

2049

2465

1973

2201

1752

WEIBULL 1PARAMETERS A = 0.8,
B = 5.91,
QUADRATIC MEAN DBH = 6.4,
ARITH. MEAN DBH * 6.2,
MEAN GROWN RATIO = 46.0
LAMBDA = 0.,453
PERCENT SURVIVAL - 70.6,
CORRESPONDING SITE INDEX FOR BASE AGE 50 * 88

,

20

53

2
3
4
5
6
7
8
9
10
11
12

1
8
26
55
88
107
102
70
33
10
2

.0
.4
2.3
7.5
17.3
28.6
35.6
30.9
18.0
6.6
1.6

502

148.8

21
26
30
34
37
39
42
44
46
48
50

24
34
41
45
48
51
53
54
55
57
57

0
7
46
165
405
717
935
834
497
189
45

0
5
35
129
319
577
764
688
413
158
38

3840

3126

154
380
681
893
799
477
182
43
3609

121
302
551
732
662
398
153
37
2956

WEIBULL PARAMETERS A = 1.2,
QUADRATIC MEAN DBH = 7. 4,
ARTTH. MEAN DBH = 7.2,
LAMBDA - 0.595
MEAN GROWN1 RATIO = 39.R
PERCENT SURVIVAL = 62.7,
CORRESPONDING SITE INDEX FOR BASE AGE 50 = 88
j y Adapted from Feduccia, I). P., et a l . (1982).
2/ D&C means dominant and codominant trees and CR Indicates the crown length ratio.

C = 4.08

134
361
661
878
790
473
181
43

105
287
535
720
655
395
152
37

3521

2886

B = 6.63,

76
299
613
841
768
465
178
43

56
235
495
690
636
388
150
36

3283

2686

C = 3.84
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A brief explanation of the workings of the system are contained in the
following statements:
Site index is a function of the height of dominant and codominant trees,
plantation age, and the index age: S = Function of H D AP and I, The
relationship can be rearranged to express height of dominant and codominant
trees as a function of the other three:
= Function of SI., AP and I. Yield
is a function current HD , AP and TS , where T is the number of ^surviving trees
per acre.
At times the user may not specify T but rather have it predicted by a
survival function. Let T be the predicted value.
For the system covered
here, TS is a function of A P , SI. and TP , where TP is the number planted.
Obviously other survival functions coul<P have been constructed such as using
the number of trees established after two years instead of TP .

It is likely that modification of the site index and survival components will
be done by local interests using data specific to their operations. Hopefully
the main component,
Yield = Function ( E , A , T S)
D
P
would be of general utility.
Current Research in the Midsouth
Four groups have significant data collection efforts underway: Southern
Forest Experiment Station (SO), Mississippi State University (MSU), Virginia
Polytechnic Institute (VPI), and Stephen F. Austin University (SFA).
SO
The Forest Service unit, located at Alexandria, Louisiana, working with a
staff member from the Lousiana Office of Forestry, has numerous field studies
in place covering loblolly, slash and longleaf plantations.
Plots from
thinning, spacing, species comparisons, and other studies provide the major
existing data base in the area.
Essentially all of the plots are on
problem-free sites but some limited work has been done on site prepared areas.
The unit has worked with the Southern Station's statistical methods group in
New Orleans to produce three systems for unthinned stands.
Currently,
interactions involving these two units and the Station's units in Gulfport,
Mississippi, concerned with pine genetics and fusiform rust, are beginning to
show promising new applications of growth and yield approaches for these
critical topics.
MSU
Joint work of university, industry, and Southern Station personnel are being
directed at establishing a strong data base for thinned loblolly pine on
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site-prepared areas in the Gulf Coastal Plain.
Plot installation is just
beginning, but existing data from various sources have been used to define an
interim system.
VPI
This effort addresses loblolly plantations on prepared sites with plot
locations throughout the area where the species is planted. Both thinning and
spacing type installations are to be included.
SFA
Previous
loblolly
loblolly
loblolly

efforts by this university produced a yield system fro unthinned
on old-field sites.
The current studies consider both slash and
pines on prepared sites. The current studies consider both slash and
pines on prepared sites with thinning in Texas.

Various groups, though not directly engaged with Midsouth plantations,
influence developments in the area.
Foremost in this category is the
University of Georgia plantation management research group.
At present, analyses are progressing on at least five Midsouth pine
plantation data bases.
The LSU Hill Farm data for loblolly have been the
subject of much investigation by Weyerhaeuser Co., VPI, and LSU staff.
Southern Station personnel are now the principal investigators for the other
four pine plantation data bases which relate to:
Thinned loblolly on problem-free sites,
Thinned slash on problem-free sites,
Unthinned longleaf, range-wide data,
Levels of fusiform rust in predictions of
unthinned slash pine yields.
Concluding Remarks
Research and application activities for forecasting Southern pine
plantation growth and yield are entering a grand period.
It is an exciting
time with many qualified people making rapid progress. Significant thresholds
that have evaded past research are now within reach.
Greatly improved
computer hardware and software capabilities are becoming available to a wider
collection of developers and users of the forecasting systems. The resulting
information is being used in a way that alters major decisions and reliance on
these systems will spread from the East to the Midsouth as many stands planted
in recent years begin to reach merchantable size. There are, however, some
matters in which the direction is not entirely clear.
Perhaps the biggest
challenge is to incorporate consideration of intensive culture.
Specifically
we want to quantify the influences of different genetic sources,
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fertilization, and control of non-pine competition.
Unfortunately, research
in these subject areas has usually not produced data depicting operational
group dynamics.
Studies on individual tree or row tree plots are not ideal
for growth and yield evaluations and can at times be very misleading. This is
not just an impediment to growth and yield research.
There is the real
possibility that currently accepted estimates of benefit for some intensive
culture actions could be very wrong and we will not learn the truth until they
are evaluated with adequate growth and yield formulations. Another difficult
question concerns the scope of systems. Should we be building refined systems
for selected localities or seek adequate general models that perform
reasonable well over large areas, perhaps even the entire range of a species?
Hopefully this question will serve to stimulate growth and yield research and
not polarize the potential support in a counter productive fashion.
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PREDICTING GROWTH AND YIELD IN NATURAL EVEN-AGED PINE STANDS

Robert M. Farrar, Jr.
Principal Mensurationist
Southern Forest Experiment Station
Monticello, Arkansas

The forests of the seven state Midsouth area, along with those in the five
states in the South Atlantic area, are fast becoming the mainstay of the
Nation's forest-based industries. As demands for goods and services from these
forests increase and the land base shrivels, we must find ways to make forest
management more efficient. The prime requisite for efficient forest management
is the ability to forecast the growth and yield expected as a result of various
types and intensities of management practices.
Certain industries and public agencies with large land holdings will have
their own systems to forecast development of timber stands, but about 70% of
the forest lands, held by small non-industrial private (NIP) owners, will not
be so favored.
These small owners, other non-industrial owners, and many
industrial owners will be dependent upon the growth and yield prediction
systems developed by public agencies, primarily universities and Forest Service
research projects.
Pure, even-aged stands probably are the most important southern timber
resource category because even-aged management is considered to be the simplest
and most efficient means for wood production, particularly for intolerant major
species and large ownerships.
Even-aged stands encompass a large resourceThere are about 100 million acres of commercial forest land in the Midsouth— .
Within this resource, artificially regenerated stands are quite important,
although they comprise only about 10% to 15% of the area.
Artificial stands
typically represent large capital investments and are often intensively
managed, thus requiring accurate production forecasts. Naturally regenerated
stands occupy the remaining 85% to 90% of the area.
Further, 48% of the
commercial stands in the Midsouth are classified even-aged.
Assuming
proportionality, we then have some 40 million plus acres in naturally
regenerated even-aged commercial forest stands. Nearly 30 million acres of the

— All information concerning areas occupied by various categories comes from
the latest Special Reports from Renewable resources (RWU-4101), Southern Forest
Experiment Station, New Orleans, 1978.
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commercial forest are occupied by stands of the four major southern pines, and
these stands are probably largely even-aged.
All this emphasizes the need for
comprehensive growth and yield predictors for natural even-aged pine stands.
Uneven-aged management is also a viable and desirable option for many NIP
and other owners.
On small properties the selection system may best suit the
landowner's wishes and financial situation and be more efficient in timber
production.
It too is based on natural regeneration and requires growth and
yield predictors if management is to be efficient.
If the fossil-fuel energy sources decline as predicted, then natural
regeneration is likely to be the prevalent method in the future.
Relatively
expensive man-converted energy sources may be necessary to harvest stands but
it seems reasonable to expect that we will use solar-powered natural methods
for regeneration with a minimum expenditure of other energy to control early
spacing.
Since we are likely to be dealing principally with natural stands for
decades to come, we need to be developing appropriate growth and yield
predictors now.
Background
Since the advent of the normal yield tables of the 1930's (Forest Service
1976), we have made increasingly refined attempts to comprehensively define the
growth and yield response of pure even-aged stands to their environment, either
natural or altered by man.
The main independent variables used to predict
growth and yield have been stand age (or elapsed time), site quality (usually
expressed as site index), stand density (trees per acre or basal area), and
seedbed or planting site situation (old-field, site-prepared, cutover, etc.).
Normal yield tables assess the effects of varying age and site index (SI) on
unmanaged yields under the assumed single "fully-stocked" or "normal" stand
density regime.
Normal yield tables have had little practical utility except
as indicators or benchmarks for comparisons because the normal stand is rarely
found and is probably an even rarer management option.'
In almost all
subsequent growth and yield investigations the effects of varying density,
imposed by planting or thinning, have been actively studied, since density is
one major variable which can be easily altered and have a strong effect on
growth.
For thinned naturally regenerated stands, we have progressed from studies
which predicted the periodic annual increment (p.a.i.) response to stand age,
SI, and density (i.e., Nelson et al. 1961b), to the simultaneous growth and yield
predictors of Sullivan and Clutter (1972), Farrar (1979b), and Murphy (1982b). All
of these sources have been valuable additions to our information base, but only one
predictor for natural stands has provided the foundation for the versatile
stand-and-stock table predictions needed and it is for unthinned stands (Schreuder
et al. 1979). Table 1 lists a collection of the most useful predictors for natural
even-aged pine stands.
A classification of stand growth and yield prediction
systems is given in the Appendix.
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Table 1.

Sources of Growth and Yield Information for Natural Even-aged Pine
Stands.

Information Type

Species

Bibliographies

Four major pines: Williston 1975

Normal Yield Tables

Four major pines: Forest Service 1976

Stocking Norm Yield Tables

Four major & sand pine: Schumacher
& Coile 1960,
Virginia pine: Nelson et al. 1961a

Variable Density Predictors
Thinned Stands
Simultaneous Models
Even-aged

Loblolly: Clutter 1963, Brender &
Clutter 1970, Sullivan &
Clutter 1972, Murphy &
Sternitzke 1979, Murphy 1982b*
Longleaf: Farrar 1979b, 1982a*
Shortleaf: Murphy & Beltz 1981, Murphy
1982a
Slash: Bennett 1970, 1980

Unthinned Stands
Stand & Stock Table
Even-aged

*Developed but unpublished

Slash: Schreuder et al. 1979
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A more elaborate literature-supported analysis of the status of knowledge
is not presented here because it is available in two recent papers by Farrar
and Dell (1978) and Farrar (1979a). Further, a good annotated bibliography is
available on growth and yield information for the major southern pines through
1974 (Williston 1975).
Overview of Present Systems
The lump-sum simultaneous growth and yield prediction systems of Table 1
are quite useful but not as versatile as a stand-and-stock table system
employing a taper-function to predict multiple products. Nevertheless, the
presently available systems permit growth and yield estimates for a wide
variety of initial ages, growth periods, sites, and initial basal areas and
permit simulation of the response to various thinning regimes. The type of
cutting assumed is generally improvement cut/low thinning.
Although
stand-and-stock table predictors are not generally available, recent
developments in simultaneous system modeling do allow partitioning the basal
area and volume production into merchantable (or total), sawtimber, and
pulpwood components. At Monticello, six of these systems have been put on the
programmable TI-59 hand-held computer— via magnetic strips, and the program
listings plus documentation are available free of charge. Table 2 shows the
system programs available and the basic input and output. To estimate growth
for a period, essentially all the systems require a starting age, a final age,
initial basal areas, and SI. Given these input values, the system program will
compute future basal areas at the end of the growth period and various present
and future cubic-foot and board-foot volumes. Note that all these systems are
limited by their data bases and are restricted to certain geographical areas.
The user should refer to the supporting publications to obtain the restrictions
and the merchantability limits and specifications specific to each system.
An Example
An example simulation is presented in Table 3. In this example it is
assumed that we have a 30-year old natural longleaf pine stand with a site
index of 70, 100 square feet of total basal area (dbh > 0.5 in), and 4 square
feet of sawtimber basal area (dbh > 9.5 in). This stand is thinned every 5
years from below, up through age 60, leaving 70 square feet after the initial
cut and an increasing residual basal area thereafter. At age 50 a shelterwood
preparatory cut is made to leave 60 square feet at age 55 the seed cut is made
to leave 30 square feet and at age 60 the overwood is harvested. In our cuts
we try to have at least an operable sawtimber cut (> 1 Mbf) but remove no more
than about 25% to 30% of the sawtimber up to the preparatory cut. Obviously
more sawtimber cannot be cut than total basal area. At each age, using the
programmable TI-59, the basal areas and volumes were calculated in the

2/

— Use of trade names is for information only and does not imply endorsement of
products by the USDA Forest Service.
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Table 2.

Pre-programmed Natural Even-aged Pine Stand Growth & Yield Systems
Available for the TI-59/PC-100C Hand-held Computer/Printer.*

System

Input

Output

(per acre)

(per acre)

Even-aged Loblolly
Brender & Clutter 1970
Murphy 1982b**

Al, A2, BM1, Q
Al, A2, BM1, BS1, Q

BM2, BS2, Ml, M2, II, 12
BM2, BS2, Ml, M2, Cl, C2,
Dl, D2, SI, S2, II, 12

Even-aged Longleaf
Farrar 1979b

Al, A2, BT1, Q

BT2, Tl, T2, Ml, M2, Cl,
C2, II, 12
BT2, BS2, Tl, T2, Cl, C2,
11 12

Farrar 1982a**

A l , A2, BT1, BS1, Q

Even-aged Shortleaf
Murphy & Beltz 1981,
Murphy 1982a

A l , A 2 , BM1, BS1, Q

BM2, BS2, Ml, M2, Cl, C2,
Dl, D2, SI, S2, II, 12,

Even-aged Slash
Bennett 1970, 1980

A l , A2, BM1, 0

BM2, Ml, M2, II, 12

.

,

*

Available from Southern Forest Experiment Station, RWU-1117, Monticello, AR
71655
** Developed or under development but unpublished

LEGEND
i: 1 * initial or current value
2 * final or future value
Value:

Ai * age (years)
BTi * total basal area (square feet)
BMi = merch. basal area (square feet)
BS1 = sawtimber basal area (square feet)
0
* site index (index age * 50 years)
Ti c total volume (cubic feet)
Mi * merchantable volume (cubic feet)
Ci * sawtimber volume (cubic feet)
Di * Doyle fbm
Si * Scribner fbm
Ii * International k-inch fbm
Note that merchantability specifications vary with systems.

Table 3.

Example Application of a Growth and Yield Predictor to Simulate a Thinned Natural Pine Stand:
Even-aged Longleaf Pine (Farrar 1982a), Site Index = 70.

p.a.i

Cut Stand

After-cut Stand

Before--cut Stand

.

Ii

BTi

Ti

BSi

BSi

Ci

Ii

BTi

Ti

BSi

Ci

Ii

397

70

1463

4..0

69

397

30

610

0

0

0

3.3

69.1

0.1

2.3

13

11.9

237 1399

75

1738

11..9

237

1399

14.3

323

0

0

0

3.9 119.6

1.6

2291

26.3

579 3491

80

2001

17..3

381

2273

11.9

290

9,.0

198

1218

3.4 110.6

2.9

68.4 418

2515

32.9

783 4757

85

2257

32..9

783

4757

10.0

258

0

0

0

3.0 102.8

3.1

80.4 497

Ai

BTi

Ti

BSi

30

100

2073

4.0

35

89.3

2061

40

91.9

Ci
69

BTi

Ii

Ci

Ti

33.6 200

45

95.0

50

98.4

2734

51.5

1306 8036

60

1686

41..5

1054

6450

38.4

1048 10,.0

252

1586

2.7

95.4

3.7 104.6 656

55

71.4

2080

55.8

1494 9219

30

891

30..0

805

4891

41.4

1189 25,.8

689

4328

2.3

78.8

2.9

88.0 554

37.5

1146

37.5

1051 6430

0

0

0

0

0

37.5

1146 37,.5

1051

6430

1.5

51.0

1.5

49.2 308

%

.. 183.5

4864 82,.3

2190 13562

m.a.i., =

3.1

60

yield

81.1

1 ,.4 36.5

226
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before-cut stand, the after-cut stand, and the cut stand. Using the beforeand after—cut values we can calculate the p.a.i.'s and using the cut values,
the yield and mean annual increment (m.a.i.) over the rotation can be obtained.
It was decided not to cut any sawtimber at age 30 or 35, because the
indicated volumes were too low to support an operable cut without decimating
the sawtimber growing stock (Table 3). Also, a sawtimber cut at age 45 was
skipped in order to concentrate more sawtimber volume in the seed cut at age
55. Other management regimes could have been simulated just as easily, such as
using a 10-year cutting interval, holding residual basal area constant or
reducing it at each cut, or adopting longer or shorter rotations. The point
is, within limits, many management options can be simulated and evaluated.
This particular management regime results in predicted yield of 4,864 cubic
feet and 13,562 fbm, International 1/4 inch, or m.a.i.'s of 81.1 cubic feet and
226 fbm, respectively. We also see that the cubic foot p.a.i. peaks around age
35 at almost 120 cubic feet and the sawtimber p.a.i. peaks at nearly 660 fbm
around age 50.
Examples of Expected Yields of Thinned Natural Stands on Average Sites
To obtain some indication of the growth and yield potential on average
sites under an assumed standard management regime, an example was calculated
for each of the four major pines and is presented in Table 4. We leave 80
square feet at each cut prior to regeneration and assume a 60-year rotation
using natural regeneration - shelterwood for longleaf and seed-tree for the
other three species. The other constraints remain the same as were assumed in
the example in Table 3 for the longleaf stands. Note that the average SI is
assumed for each species, not the same SI. These examples are principally for
information and demonstration of system capability and not for species'
comparisons. Such comparisons are truly legitimate only within a species. If
a soil area is occupied by loblolly, with a SI = 90, the SI for any other
species is not known unless we have information from adjacent and validly
comparable stands of the other species growing on the same soil area. Given a
sufficiently large area, SI averages for soil series may abe valid, but for
specific small areas the error can be quite large (two 10-ft SI classes). The
best guide is local productivity experience with several species on the soils
in question.
Table 4 presents a few interesting suggestions.
Regarding board-foot
m.a.i., the loblolly stand has, as might be expected from its SI, the highest
m.a.i.. Surprisingly, however, the m.a.i. for slash on SI 80 is not greater
than the m.a.i. for longleaf on SI 70. Granting that this is not a strictly
valid comparison, a greater difference still would have been expected in favor
of slash pine due to its greater SI. For all species except longleaf, the
p.a.i. peaks at about age 35 for cubic feet and board feet. For longleaf,
however, the board-foot peak is at about age 50. This evidence shows longleaf
sawtimber growth starting slowly but accelerating with age and suggests longer
rotations for this species if we want to capture its sawtimber-producing
potential.

Table 4.

Predicted Growth and Yield per Acre for Thinned Natural Stands on Average Sites.

(Brender & Clutter 1970), Site Index = 90
Even-aged Loblolly pine i
After-cut Stand

Before-cut Stand
Al
30
35
40
45
50
55
60

Mi

Ti

100
96.1
93.9
92.3
91.1
89.9
19.2

2785
2872
2957
3026
3081
3127
759

6694
8208
9144
9945
10637
11238
3219

80
80
80
80
80
15
0

p. a. i.

MI

Ti

BMi

Mi

Ti

BMi

Mi

2263
2421
2547
2649
2734
590
0

5544
6634
7590
8428
9164
2387
0

20
16.1
13.9
12.3
11.0
74.9
19.2

522
451
410
377
347
2537
759

1150
1574
1554
1517
1473
8851
3219

3.3
3.2
2.8
2.5
2.2
2.0
0.8

92.8
121.8
107.2
95.8
86.4
78.6
33.8

yield = 167.4
m.a.i. =
2.8

5403
90.1

19338
322

BMi

BMi

Cut Stand

Ii
223
533
502
471
442
415
166

Even-aged Longleaf Pine (Farrar 1982a) , Site Tndex = 70
After-cut Stand

Before-cut Stand
Ai
30
35
40
45
50
55
60

BTi

Ti

BSi

Ci

Ii

BTi

Ti

100
99.6
97.0
95.0
92.4
71.4
37.5

2073
2292
2415
2515
2597
2080
1146

4.0
11.8
26.2
32.7
41.1
45.4
37.5

69
235
576
779
1043
1216
1051

397
1387
3473
4734
6385
7467
6430

80
80
80
80
60
30
0

1667
1851
2001
2127
1686
89 r
0

BSi

Ci

4. 0
11. 8
17. 2
24. 7
31. 1
30. 0
0

69
235
378
589
791
805
0

Cut Stand

P- a. i.

Ii

BTi

Ti

BSi

Ci

Ii

BTi

Ti

BSi

Ci

Ii

397
1387
2259
3553
4805
4891
0

20
19.6
17.0
15.0
33.4
41.4
37.5

406
441
414
388
911
1189
1146

0
0
9.0
8.0
10.0
15.4
37.5

0
0
198
190
252
411
1051

0
0
1214
1181
1580
2576
6430

3..3
3.,9
3..4
3.,0
2..7
2.,3
1..5

69.1
125.0
112.8
102.8
94.0
78.8
51.0

0.1
1.6
2.9
3.1
3.3
2.9
1.5

2.3
33.2
68.2
80.2
90.8
85.0
49.2

13
198
417
495
566
532
308

= 183.9 4895
3.1 81.6

79.9
1.3

2102
35.0

12981
216

yield

\

m.r .i. =

Table 4.— Continued

Even-aged Shortleaf Pine (Murphy & Beltz 1981, Murphy 1982a), Site Index * 70
After-cut Stand

Before-cut Stand
Al

BMi

Mi

30
35
40
45
50
55
60

100
90.4
89.0
88.0
87.2
86.5
17.3

1794
1812
1954
2071
2170
2255
388

BSi

Ii

Ci

4.0
65
25.8 491
42.0 869
47.0 1025
50.6 1151
53.5 1260
17.3 402

333
2621
4734
5660
6415
7080
2236

BMi
80
80
80
80
80
15
0

Mi
1398
1580
1733
1862
1972
318
0

BSi

Ci

4.0
25.8
33.5
39.0
43.4
15.0
0

65
491
687
845
983
338
0

Cut Stand
Ii
333
2621
3731
4652
5465
1861
0

BMi

Mi

BSi

20 396
10.4 232
9.0 221
8.0 209
7.2 198
71.5 1937
17.3 388

0
0
8.5
8.0
7.2
38.5
17.3

yield = 143.4 3581 79.5
m.a.i. =
2.4 59.7 1.3

p.a.i.
Ci

Ii

0
0
182
180
168
922
402

0
0
1003
1008
950
5219
2236

BMi

Mi

BSI

3.3 59.8
2.1 82.8
1.8 74.8
1.6 67.6
1.4 61.6
1.3 56.6
0.5 14.0

0.1
4.4
3.2
2.7
2.3
2.0
0.5

Ci

Ii

2.2
85.,2
75.,6
67..6
61..2
55.,4
12.,8

35
458
423
386
353
323
75

1854 10416
30.9
174

Even-aged Slash Pine (Bennett 1970, 1980) , Site Index = 80
Cut Stand

After-cut Stand

Before-cut Stand

P .a. i.
Ii

BMi

Mi

20 508
9.5 266
8.2 248
7.3 232
6.5 218
70.9 2609
18.4 854

-6
182
283
342
375
5882
4054

3.3
1.9
1.6
1.5
1.3
1.2
0.7

93.4
98.4
86.6
76.8
69.2
62.8
32.8

yield = 140.8 .935
m.a.i =
2.3 !2.3

11118
185

Ai

BMi

Mi

Ii

BMi

Mi

Ii

30
35
40
45
50
55
60

100
89.5
88.2
87.3
86.5
85.9
18.4

2802
2786
2953
3089
3203
3299
854

3116
4959
6408
7583
8554
9370
4054

80
80
80
80
80
15
0

2294
2520
2705
2857
2985
690
0

3122
4777
6125
7241
8179
3488
0

BMi

Mi

Ii
104
367
326
292
263
238
113

56

You will note in Table 4 that for loblolly and slash systems, there is not
the flexibility of evaluating varying amounts of sawtimber basal area; the
board-foot predictions are "imbedded" in the merchantable stand predictions. A
bothersome but usually inconsequential artifact of this situation is
illustrated in the slash board-foot cut indicated at age 30 where we have a
negative value. This arises from the before-cut sawtimber prediction being
smaller than the after-cut prediction, a logical impossibility.
Systems
employing a sawtimber basal area driver as well as a total or merchantable
basal area driver generally alleviate this problem while enhancing the
versatility of the systems. Also, in the slash example you will note that
periodic cuts to leave 80 square feet did not result in cut volumes greater
than 1 Mbf. Nothing can be done about this, because this system does not allow
for separate sawtimber predictions and thus limits it for simulation.
Operationally, these sawtimber trees would either be included in the pulpwood
cut (if they really needed to be removed) or sawtimber cuts would be deferred
until there were enough needed sawtimber removals to meet the 1 Mbf minimum cut
specification.
Present and Future Needs
The primary need in timber stand growth and yield predictors for natural
even-aged stands in the South is for definitive and versatile multiple-product
stand-and-stock table predictors for thinned stands of important species and
mixtures. This assumes that adequate data bases exist or are feasible to
obtain.
Such predictors are available for unthinned planted loblolly,
longleaf, and slash stands on various planting situations in the South and are
becoming available for thinned plantations of loblolly and slash. Only one
such system exists for natural pine stands at present, and it is for unthinned
even-aged slash pine (Schreuder et al . 1979). The major present need in
modeling techniques is for a relatively simple and reliable procedure to
predict the effects of the type, intensity, and periodicity of thinning on the
stand diameter distribution development in even-aged natural stands.
Tom
Matney at Mississippi State University, Jerry Clutter and Bob Bailey at the
University of Georgia, Mike Strub of the Weyerhauser Corporation with Jim
Barnett's U.S. Forest Service project at Alexandria, LA, and Tom Dell's U.S.
Forest Service project in New Orleans, LA, have or are developing such systems
for thinned planted loblolly and slash, and we should be able to extend their
techniques to natural stands.
Tree taper functions, using the same basic model, have been developed for
planted slash pine in the South Atlantic area, for planted loblolly, longleaf,
and slash pines in the West Gulf, and for natural longleaf in the East Gulf.
They are under construction for natural loblolly and shortleaf pines in the
West Gulf. These versatile volume-defining functions should be extended to
cover all important excurrent timber species in natural and planted stands.
Further, they should incorporate measures of tree form (live crown ratio is
used in Southern Stations functions) to improve precision and be capable of
predicting tree weight as well as volume.
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We also need to be able to translate density expressed as trees per acre
in very young natural stands to density expressed as basal area at later ages
for important species.
In other words, we need the ability to predict the
basal areas that various initial numbers of trees develop into with age; this
means natural stand spacing studies are needed. This information would make
our prediction systems for natural stands more useful by allowing simulation to
start closer to stand establishment. Such information has been developed for
young natural longleaf stands on SI 70 and 80 (Farrar 1982b).
Meeting the immediate need will by no means solve all the problems in
predicting growth and yield for natural even-aged pine stands in the South.
Definitive regional growth and yield predictors will still be needed for
thinned stands of minor pines along with taper functions for these species. In
addition to volume and weight of the tree stems alone, there are additional
levels and components of the forest ecosystem for which we need productivity
estimates in relation to the variables used to predict stemwood volume
production. We need estimates of the production in crowns, bark, and roots,
because utilization is likely to become more intensive to meet future wood and
energy needs.
We also need estimates of other levels of the ecosystem
including the woody understory, the herbaceous cover, and the litter to help
quantify forest ecosystems for biomass, wildlife, watershed, and recreational
purposes and opportunities.
It is not possible to anticipate that growth and yield research will ever
be concluded. As with many lines of information development, the questions
continue to become more refined, necessitating more refined investigations. As
an example, after developing a regional growth and yield predictor for a
species, the next logical step is to stratify the region into zones of
homogeneous climate, physiography, and soils and develop a more refined
predictor for those zones. We will probably also need to include provisions
for quantifying the effects of site amelioration in natural stands. Eventually
we may arrive at simulation models based on individual tree response to almost
any array of environmental, genetic, and silvicultural factors.
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APPENDIX

A CLASSIFICATION OF GROWTH AND YIELD PREDICTORS FOR NATURAL STANDS*

NORMAL YIELD TABLES (unthinned) - Forest Service 1976
STOCKING NORM YIELD TABLES (thinned; some allow estimation of thinning effects ) - Schumacher and
Coile 1960
VARIABLE DENSITY PREDICTORS (thinned, principally, and unthinned)
Point Studies, Case Histories - Farrar 1968, Croker 1966
P.A.I. Predictors - Nelson et at. 1961b
Growth and Yield Predictors
Stand-Level (deterministic)
Lump-sum (compatible and simultaneous models) - Sullivan and Clutter 1972
Stand-&-stock table (dia. distr. models) - Schreuder et al. 1979
Tree-level (deterministic or stochastic; usually stand-&-stock table)
Distance-independent - "STEMS" by North Central Forest Experiment Station
Distance-dependent

*each is followed by a typical example

- "PTAEDA" by Virginia Polytechnic Institute
(plantation)

PREDICTING GROWTH AND YIELD IN UNEVEN-AGED PINE STANDS

Paul A. Murphy
Principal Mensurationist
Southern Forest Experiment Station
Monticello, Arkansas

Introduction
There has been a growing realization that dependence on any one
silvicultural system unnecessarily restricts the forester's ability not only
to deal with different stand conditions but also to fulfill landowners’
objectives in managing their forest properties.
For example, a private
nonindustrial landowner may not have the financial resources for site
preparing and planting, while a pulp and paper manufacturer may not be able to
afford interruptions in wood flow that might result form relying on natural
regeneration.
Uneven-aged or selection management offers a viable management option for
the loblolly-shortleaf pine type, particularly for private nonindustrial
owners. The frequent returns from cyclic cuts and low cash outlays accomodate
the capital constraints these owners labor under. But like other systems, it
is not a panacea.
Basic Concepts
Any discussion of uneven-aged growth and yield should be prefaced by
discussion of some basic concepts. An uneven-aged stand is defined as one
that is composed of three or more recognizable age or size classes. By
contrast, even-aged stands are composed of less than three age classes where
an age class spans about 20 percent of the rotation length. Although stand
age is used to define uneven-aged stands, tree or stand age in an even-aged
context is a meaningless term and is not actually considered in management.
In an uneven-aged stand, the distribution of trees by diameter class or
stand structure typically follows a reverse J-shaped distribution in which the
number of trees declines as diameter increases. How this stand structure
comes about can be understood by considering what happens after one or several
mature trees are harvested from a given area in these stands. The opening
created by cutting will hopefully be regenerated by a clump of desirable
reproduction. As this reproduction grows and develops, those trees unable to
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compete with their neighbors will die. As time progresses, the number of
stems will decline and tree sizes will increase. As this occurs at different
stages of development throughout the stand, the reverse J-shape stand
structure is observed.
There will be a large number of small stems and
relatively few large stems.
Uneven-aged stand structure is often defined by the ratio of the number
of trees in adjacent diameter classes; this ratio is called "q". The ratio
also depends upon the diameter class interval. For one-inch classes and a q
of 1.2, the number of trees in a given diameter class would be 1.2 times the
number in the adjacent higher class. If the higher diameter class had 10
trees, the next lower class would have 12 trees. If the q is constant for a
stand, the distribution is said to be balance, but if the q varies over the
diameter classes, then it is called unbalanced or irregular.
Stands
encountered in practice will rarely have a balanced stand structure.
Stand Management
Research in uneven-aged management of the southern pines has been
confined to the loblolly-shortleaf pine type. Reynolds (1959, 1969), at the
Crossett Experimental Forest in Arkansas, and Brender (1973), at the Hitchiti
Experimental Forest in Georgia, have been the principal investigators. The
remaining discussion will be confined to this loblolly-shortleaf pine type.
Reynold's studies were conducted over a period of 30 years in which
hundreds of acres were successfully managed under the selection system;
Brender's investigations spanned 20 years. There is no doubt that uneven-aged
management can be successfully applied in this pine type.
Maintenance of some semblance of a reverse J—shaped stand structure is
essential
for successful
long-term uneven-aged management
of
loblolly-shortleaf pine, but it does not have to be a balanced distribution.
The structure is perpetuated by making periodic light cuts in which most of
the removals come from the larger diameter classes, with some cutting in
smaller sizes. These periodic cuts are called cutting cycles, and they should
be less than 10 years apart, preferably 3 to 8 years. Successful regeneration
is dependent upon adequate hardwood control and maintaining a relatively low
stand density.
It is not necessary for reproduction to become established
every cutting cycle; one in ten years is sufficient in most cases. It is not
known at what critical density pine reproduction cannot become established and
develop, but observations and some circumstantial evidence indicate that it
might be around 85 to 100 square feet.
Trees that are removed from the lower diameter classes usually consist of
stems with poor form, disease, damage, or ones removed as thinnings from
over-dense clumps. Larger trees (mature sawtimber) are removed primarily on
the basis of financial maturity.
Is the tree growing faster than the
acceptable rate of return? If stand densities are low enough after the cycle
cut (such as 60 square feet of basal area), and trees are removed to maintain
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a reverse J-shaped structure, openings for reproduction will be created.
Whereas the objective in even—aged stands is to maintain a closed canopy so
that utilization of growing space is maximized, openings are desired in
uneven—aged stands so that reproduction will become established and develop.
Densities are not as high as in even-aged stands.
Thus, if attention is paid to hardwood control, maintenance of a reverse
J—shaped stand structure, and a stand density low enough to permit
establishment of pine reproduction, then selection management of loblollyshortleaf pine stands should be successful.
General information about
uneven-aged management can be found in U.S. Forest Service (1978) and Hann and
Bare (1979). Farrar (1981) provides information on regulation methods that
can be used in the loblolly-shortleaf pine type.
Growth and Yield
Volume production data for uneven-aged loblolly-shortleaf pine have been
available for some time for case studies. Reynolds (1969) reported that the
stands in a cutting cycle study at Crossett averaged about 84 cubic feet in
annual merchantable volume growth and 432 board feet, International
inch
rule, in annual sawtimber growth. The site index for loblolly was 85 to 95
feet, on a 50-year basis. Brender reported lower values for the Hitchiti
Forest in Georgia. Production there was 75 cubic feet for merchantable volume
and 319 board feet, International 1/4inch rule, for sawtimber volume in a
large-products selection management study. The average site index was 77
feet. The differences in production can be attributed mostly to site and, to
some degree, the differences in merchantability standards.
Williston (1978) has reported annual board foot growth for different
sawtimber stocking levels. With a residual stocking of 5,000 board feet,
International Jj-inch, he estimates growth to be about 400 board feet annually.
However, growth can vary widely because different stand structures are
possible with just one sawtimber stocking.
Average production values from these studies provide forest managers with
benchmarks by which they can judge the performance of their own stands, but
they do not provide answers as to what yields can be expected from different
sites, densities, or cutting intervals. They do not give the expected yield
of a particular stand, given that it has a certain density, stand structure,
and site. Growth and yield models for uneven-aged loblolly-shorleaf pine
stands on average sites (site index 85 to 95 feet) with the potential to
provide these kinds of information have been recently developed at the
Southern Forest Experiment Station in Monticello, Arkansas.
Data
The information used to develop the models came from a cutting cycle
study (Reynolds 1959, 1969), a methods-of-cutting study (Grano 1954), and
unpublished research that was conducted at the Crossett Experimental Forest
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and adjacent areas in southeast Arkansas. Some of the experimental areas had
even-aged old-field pine stands ranging from 10 to 60 years of age. The
remainder were cutover. Virgin timber had been cut around 1915 by harvesting
to approximately a 14-inch stump diameter limit. The stands suffered repeated
wildfires thereafter until protection was initiated in 1934.
Pine
reproduction was precluded by the fires in some areas; in others, pine
reproduction became established. Stocking overall was very heterogeneous with
a few well-stocked areas intermingled with predominantly understocked
conditions.
The information from these studies was obtained by periodic 100-percent
cruises of plots and compartments ranging from 2.5 to more than 40 acres in
size. Tallies were kept of before-cut inventories, harvest cuts, salvage cuts,
and thinnings by 1-inch d.b.h. classes for trees 3.6 inches d.b.h. and larger.
Collection of these data commenced in 1937 and continued into the late 1960's.
The methods-of-cutting study and nine 40-acre compartments of the cutting cycle
study were inventoried again in 1979.
Both hardwoods and pine were tallied in the methods-of-cutting study and
the cutting cycle study through 1947. All hardwoods on the cutting cycle were
killed by injecting or girdling in 1948, and subsequent tallies were completed
for pine only on these compartments.
The following plot variables were calculated for loblolly (Pinus taeda L.)
and shortleaf pine (Pinus echinata Mill.): merchantable basal area per acre,
trees 3.6 inches d.b.h. and larger; sawtimber basal area, trees 9.6 inches
d.b.h. and larger; merchantable cubic feet per acre (the volume, inside bark, of
trees 3.6 inches d.b.h. and larger from a variable stump to a 3.5-inch top,
inside bark); sawlog cubic feet per acre (the volume, inside bark, of trees 9.6
inches d.b.h. and larger from a variable stump to a 7.5-inch top, inside bark,
or merchantable top); and board foot volumes per acre (Doyle, Scribner, and
International J^-inch rules) using the same merchantability specification as
for sawlog cubic volume. Volumes and basal areas for the two pine species
were combined. Part of the data was used for model estimation, and the rest
was reserved for model validation. The data used for estimation had the
following characteristics on a per acre basis:

Mean

Range
ft2

Basal area:
Merchantable

57.1

7.9 - 114.9

Sawtimber

42.1

1.8

99.0
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------------ ft3------------

Cubic volume:
Merchantable

1,565

194 - 3,167

Sawtimber

1,269

48 - 2,954
— fbm---

Board foot volume:
Doyle

4,697

104 - 13,008

Scribner

5,893

142 - 14,163

International Jj-inch

6,821

206 - 17,538

The Models
The first modeling attempt was to develop equations using models developed
by Moser and Hall (1969). These models were fitted using the Crossett data, and
the results can be used for estimation of functions for loblolly-shortleaf pine
stands on average sites (85 to 95 feet). The basal area equation can predict
projected merchantable basal area, given initial merchantable basal area and
elapsed time in years.
The stand volume function will predict current
merchantable cubic foot volume, given present merchantable basal area, and
projected cubic volume using the estimate of projected basal area from the basal
area equation.
The basal area projection equation includes ingrowth that
crosses the 3.6-inch diameter threshold. Consult Murphy and Farrar (1982a)
for further details of these equations.
Since sawtimber production is the usual objective of selection management,
the next step in model development was the derivation of equations for sawtimber
estimates. Both cubic feet and board feet, Doyle rule, are closely related to
sawtimber basal area (the density in trees 9.6 inches d.b.h. and larger).
Equations were developed to predict cubic foot volume in the sawlog portion and
board foot volume, Doyle rule, using sawtimber basal area as a variable. An
estimate is needed of future sawtimber basal area to get projected sawtimber
volumes.
A sawtimber basal area projection equation was also developed that uses
current merchantable basal area, current sawtimber basal area, future
merchantable basal area, and elapsed time. The equation for sawtimber basal
area and volume may be found in Murphy and Farrar (1982b).
To facilitate the use of these models in the field, a user's guide is being
prepared (Farrar, Murphy and Willett 1982).
It will contain tables and
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examples. Board foot stand volumes for the Scribner and International 1/4inch
log rules will be included.
Applications
To recapitulate, the following information is needed to fully use the
models: (a) merchantable basal area per acre (pine trees 3.6 inches d.b.h. and
larger), (b) sawtimber basal area (pine trees 9.6 inches d.b.h. and larger), and
(c) projection period length in years. Items (a) and (b) must be obtained from
a stand inventory, and item (c) is specified by the user. For example, if a
5-year cutting cycle is being contemplated, the projection period would be 5
years. Given this information, the following may be predicted:
1.
2.
3.
4.
5.

future merchantable basal area,
future sawtimber basal area,
present and future merchantable cubic foot volume,
present and future sawtimber cubic foot volume,
present and future board foot volume (Doyle, Scribner, and
Internation V-inch log rules).

As an example of how these functions may be used, suppose a cruise of an
uneven—aged stand, site index 85 to 95 feet, shows that it has 45 square feet of
merchantable basal area, 25 square feet of which is in sawtimber. The stocking
goal for this stand is to have 60 square feet of merchantable basal area and 45
square feet of sawtimber basal area as the residual stand with a cutting cycle
of five years. This goal is after the cyclic harvest. If half of the basal
area growth is harvested each cutting cycle, how long will it take to reg.ch
the stocking goal and what will be the interim yields during this building
period?
Tables can be consulted or equations utilized to predict what stand volumes
and basal areas will be in five years.
It can be seen in table 1 that
merchantable basal area increases to 59 square feet per acre during the first
cycle. The growth is 59 minus 45, or 14 square feet. If one-half of the
growth is cut, then 7 square feet would be removed and 52 square feet would be
the residual basal area. Sawtimber basal area grows to 37.7 square feet, and
growth is 37.7 minus 25.0, or 12.7 square feet. The residual sawtimber basal
area is 31.4 square feet after one-half of the growth is cut.
Stand volumes are determined by using stand densities and looking the
volumes up in tables or calculating them using the stand volume equations. The
before-cut merchantable volume with 59 square feet of merchantable basal area is
1,619 cubic feet. The cut is found by subtracting before-cut and after-cut
stand volumes, and it is 1,619 minus 1,423, or 196 cubic feet. The same
procedure is used to find board foot volumes, except sawtimber basal area is
used. This process if repeated for each cutting cycle, until the residual
stocking goal can be left after a cyclic cut. Once the goal is reached, the
stand is cut back to the same residual density each time, and the harvests
should be about the same.
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As stocking builds, growth increases and so do harvest cut volumes (table
1). Merchantable volume growth in the first cycle is 78 feet per acre annually,
and ends up at 86 cubic feet after the stocking target is reached. Board foot
growth starts from 305 board feet (Doyle rule) and climbs to 387 board feet at
the end of the fourth cycle. For the International 1/4-inch rule, the starting
and ending growth figures are 435 and 540 board feet, respectively. The
stocking goal is reached in 15 years while providing a periodic cut.
If 1,000 board feet per acre (Doyle rule) is used as a rule-of-thumb for a
minimum operable cut, then this harvest schedule would not be feasible.
Removals of 1,000 board feet or more are not reached until the 15th year, when
it is barely 1,000. An alternative strategy might be to cut 75 percent of
growth rather than half of it to increase the cut while still gradually
building up the growing stock. This strategy is found in table 2.
The harvest cuts are now at least 1,000 board feet (Doyle rule), but the
time required to reach the stocking goal is doubled to 30 years. The residual
growing stock is built up much more gradually. Growth is somewhat less too.
The larger harvests are obtained at the cost of a longer conversion period.
If the cyclic cuts are extended another 10 years for the first example, the
volume production for the two alternatives can be compared for a 30-year period.
The annual volume production for the first is 364 board feet per acre (Doyle
rule); the second, 331 board feet. The models indicate that growth increases
with an increase in density. Since the average density in the first alternative
is higher, it had slightly more growth.
Another potential application of the models is the comparison of yields
resulting in variations in stand density. Suppose that a 5-years cutting cycle
is planned with a residual merchantable basal area of 60 square feet. The
sawtimber basal area can be varied over certain limits to see what the effect is
on board foot growth. Table 3 is a comparison among three different sawtimber
densities— 35, 40, and 45 square feet per acre. Initial and final volumes
increase with sawtimber basal area as does average annual growth. It is
particularly interesting that growth does not increase much over this range of
stocking.
A possible explanation is that as sawtimber density decreases
(ssuming merchantable basal area stays constant), the sub-sawtimber component is
less suppressed and more ingrowth into sawtimber occurs. As the sawtimber basal
area increases, ingrowth becomes less but survivor growth on sawtimber
increases.
Thus, a compensation mechanism is at work that keeps growth
relatively constant over a wide range of sawtimber density.
Table 3 also shows the compounded annual growth rate of sawtimber volume.
Since growth does not increase proportionately with an increase in sawtimber
stocking, the growth rates decline with an increase in sawtimber. These growth
rates compare closely with the 7 to 8 percent growth rate often quoted for
selection-managed stands on this site class.

Table 1.

Harvest schedule for building up an understocked uneven-aged loblolly-short leaf
pine stand by cutting 50 percent of growth on a 5-year cutting cycle.

Merchantable basal area
Tine Before cut

Cut

After cut
-------- ft

Years ------

Sawtimber basal area
Before cut •Cut

2/acre—

After cut

Doyle volume

Merchantable volume
Before cut

Cut

After cut

ft s /isere—

— —

Before cut

Cut

International *i-inch volume
After cut

Before cut

Cut

After cut

— ---

1,228

--

1,228

2 ,590

--

0

45.0

--

45.0

25.0

--

2,590

3,845

5

59.0

7.0

52.0

37.7

6.3

31.4

1,619

196

1,423

4 ,117

768

3,349

6,019

1,089

4,930

10

66.8

7.4

59.4

45.3

6.9

38.4

1,836

206

1,630

5 ,059

857

4,202

7,345

1,207

6,138

15

74.8

14.8

60.0

53.3

8.3

45.0

2,061

414

1,647

6 ,079

1,055

5,024

8,773

1,476

7,297

20

75.4

15.4

60.0

60.1

15.1

45.0

2 ,079

432

1,647

6 ,960

1,936

5,024

9,999

2,702

7,297

25.0

—

3,845

Table 2.

Harvest schedule for building up an understocked uneven-aged loblolly-shortleaf
pine stand by cutting 75 percent of growth on a 5-year cutting cycle.

Merchantable basal area
Tine Before cut
Years
0

Cut

---45.0

-

Merchantable volume

Sawtimber basal area

After cut

Before cut

.--------- ft

2/acre---- —

Cut

After cut

Before cut

Cut

After cut

International H-inch volume

Doyl e volume
Before cut

Cut

After cut

Before cut

Cut

After cut

----------ft

'45.0

25.0

-

25.0

1,228

1,228

2 ,590

2,590

3,845

9.5

28.2

1,619

294

1,325

4 ,117

1,150

2,967

6,019

1,634

4,385

1,728

302

1,426

4 ,589

1,228

3,361

6,684

1,737

4,947

—

—

3,845

5

59.0

10.5

48.5

37.7

10

62.9

10.8

52.1

41.5

10.0

31.5

15

66.9

11.1

55.8

45.4

10.4

35.0

1,839

310

1,529

5 ,073

1,288

3,785

7,365

1,816

5,549

1,952

317

1,635

5 ,584

1,357

4,227

8,081

1,908

6,173

20

70.9

11.3

59.6

49.4

10.8

38.6

25

75.0

15.0

60.0

53.5

11.2

42.3

2,067

420

1,647

6 ,108

1,422

4,686

8,813

1,992

6,821

30

75.4

15.4

60.0

57.3

12.3

45.0

2,079

432

1,647

6 ,601

1,577

5,024

9,500

2,203

7,297
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Table 3.

Board-foot growth of an uneven-aged loblolly-shortleaf pine stand
with 60 square feet per acre of initial merchantable basal area,
different amounts of sawtimber basal area, and a 5-year cutting
cycle.

Initial sawtimber
basal area

Average

Doyle volume
Initial

Final

annual growth

annual growth rate

-percent-

-fbm/acre-

-ft2/acre---

Compounded

35

3,785

5.643

372

8.3

40

4,400

6,297

379

7.4

45

5,024

6,960

387

6.7
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It should be pointed out that management strategies can be evaluated by
many different criteria, and they will not give the same results. For example,
if maximum board foot growth is the criterion, a sawtimber basal area of 45
square feet would have been selected in the last example.
But, had the
evaluation been done using compounded annual growth rate, 35 square feet would
have been chosen.
Usage Notes
Since the data used to develop these models came from a narrow site range
and locale in southern Arkansas, volume estimates will not be accurate for
locations where the site quality falls markedly outside the 85 to 95 foot range.
Basal area estimates may also vary to a lesser extent. However, this range is
within averages reported by studies of wider geographic scope. Misc. Publ. 50
(U.S. Forest Service, 1976) had an average site index of 92 feet for loblolly
pine on 131 plots scattered throughout 12 southern states. Murphy and
Sternitzke (1979) reported an average site index of 90 feet for 145 plots in the
West Gulf Coastal Plain; and Ku, et al. (1977) found a site index average of
80 feet for 227 plots located in south Arkansas. These models should have
applicability to broad areas outside the region of the sample plots.
Any stand these models are used for should exhibit a reverse J-shaped
diameter distribution. Estimation should be limited to stand conditions where
merchantable basal areas range from 30 to 70 square feet per acre, projection
periods of 10 years or less, and where sawtimber basal area is from 40 to 90
percent of initial merchantable basal area. Finally, the predicted values
reflect what might be expected in the absence of a catastrophic mortality.
Uneven-aged loblolly-shortleaf pine stands that are under management and
that have reached their stocking goals should be capable of annual growths of
about 3 square feet of merchantable basal area per acre; 85 merchantable cubic
feet; 350 to 400 board feet, Doyle rule; and 500 to 550 board feet,
International 1/4 inch rule. These growth figures are for site indices in the
range of 85 to 95 feet. On poorer sites, volume growth apparently is more
sensitive to site quality than basal area growth. Conversely, better sites
would have more volume growth.
If basal area growth is not so sensitive to site quality, it may be
passible to use the basal area projections for other sites. Only local stand
volume functions would be needed, much like local tree volume tables. These
could be developed by collecting data on stand volumes over a range of
densities, much in the same manner as you would collect tree height and diameter
information for developing local tree volume tables. The coefficients for the
stand volume function can be estimated by simple linear regression, which is
available on inexpensive pocket calculators. The local stand volume equations
and the basal area equations as a system could be validated using independent
data.
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What has been presented here is, hopefully, just the beginning in providing
foresters with useful information on the growth and yield of uneven-aged
loblolly-shortleaf pine.
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COMPARISON OF GROWTH AND YIELD OF FOUR
SOUTHERN PINES ON UNIFORM SITES IN THE GULF COASTAL PLAIN

Eugene Shoulders
Principal Silviculturist
USDA - Forest Service
Southern Forest Experiment Station
Pineville, Louisiana

A favorite topic of discussion among foresters when I arrived in Louisiana
in 1955 was which pine species should be planted on what sites. There was good
reason for this widespread interest in species selection. Foresters were faced
with the task of artificially regenerating 2.8 million acres of cutover
pineland and abandoned farmland in Louisiana that lacked an adequate seed
source to regenerate naturally (Cassady and Wheeler 1956). Our best guides to
matching species with site were the rule of thumb to put back on the land what
grew there originally and the knowledge that slash pine had been planted
successfully during CCC days on thousands of acres west and north of the
species' natural range (Wakeley 1954). There were no definitive species
trials contrasting survival and growth of pines over a broad array of soil and
site conditions.
The fact that site-species relationships were selected as a topic for this
symposium attests to the continuing need for more definitive information on
relative performance of the major southern pines over the broad range of site
conditions present in the Gulf Coastal Plain. This paper summarizes 20-year
results of a study established in the 1950's to provide these answers.
The Study
In the years 1954 through 1958, the Southern Forest Experiment Station,
with the help of both public and private forestry organizations, established
pine species comparisons on 113 uniform sites in Louisiana and southern
Mississippi (fig. 1). Every installation included loblolly (Pinus taeda L.),
slash (P. elliottii Engelm.), and longleaf pine (I1. palustris Mill.). About
half the installations also included shortleaf pine (P. echinata Mill.).
Seedlings for the study were grown in state, federal, and private nurseries in
Louisiana and Mississippi.
Loblolly pine seedlings planted east of the
Mississippi River were from seedlots collected in Mississippi, and those west
of the River were from Louisiana seedlots. Slash pine seedlings for more than
80 percent of the plots were produced from seed collected in southern
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Mississippi or the Florida parishes of Louisiana; seed for the remaining stock
was obtained from a Georgia dealer. Shortleaf seedlings from a Louisiana seed
source were used in seven Mississippi installations. Otherwise, longleaf and
shortleaf seedlings planted in Mississippi were from seedlots collected in
Mississippi, and those planted in Louisiana were from seedlots collected in
Louisiana. No genetically improved seed was used. The stock was graded by
Wakeley's (1954) rules, and healthy, uninjured morphological Grade 1 and 2
seedlings were accepted for planting.
Three plots of each of the three or four species were established at each
location.
Louisiana plots contained 49 measurement trees and Mississippi
plots, 64. Planting interval in both states was 6 feet between and within rows
(1,210 treesper acre). By age 20, disasters of one kind or another had reduced
the number of installations with one or more plots of at least two species to
83 and the number with 2 or more plots of at least two species to 70. Of the
83, 22 were on wet sites, 51 were on intermediate sites, and 10 were on dry
sites (table 1). They contained 227 loblolly plots, 222 slash plots, 130
longleaf plots, and 105 shortleaf plots.
Installations are widely distributed on open sites south of the line
formed by extending Louisiana's northern boundary across Mississippi. While
some installations were on old fields, most were on open cutover land.
Collectively, the installations represent the major pine growing sites of the
study area.
Early in the study we classified the planting sites as wet, intermediate,
or dry on the basis of soil characteristics.
Wet site soils lacked prominent, abrupt changes in color or texture within
the surface 3 or 4 feet. These soils remain submerged or saturated with water
during wet periods, especially in winter. They range in internal drainage from
very poor to moderately good.
The main distinguishing characteristic of intermediate sites was that the
soils had well defined horizons, which differed from each other in both texture
and color. These soils are moderately well to well drained.
The dry sites had a thick surface layer of coarse sand to sandly loam
soil, which might or might not grade into somewhat heavier material below a
depth of three feet. The soils have good to excessive internal drainage and a
limited capacity to store readily available moisture.
Survival of initial plantings were inventoried at the end of the first
growing season, and plots with more than about 20 percent mortality were
replanted to eliminate as nearly as possible the effect of stocking level on
subsequent yields. Two procedures were used. In Mississippi and the Florida
parishes of Louisiana, survivors on inadequately stocked plots were destroyed,
and plots were completely replanted. A few plots were destroyed and replanted
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Tablfe 1.

Installations and plots available for comparisons of 20-year
growth and yield of four southern pines.

Plots
Site conditions

Installations

Loblolly
pine

Slash
pine

Longleaf
pine

Shortleaf
pine

-Number------

Number
Wet

22

62

65

33

11

Intermediate

51

138

130

80

78

Dry

10

27

27

17

16

All

83

227

222

130

105
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more than once. West of the Mississippi River in Louisiana, individual dead or
missing seedlings were replaced with 1-0 nursery stock or the entire
outplanting was destroyed and replanted. Of these procedures, replacement of
individuals was the least desirable alternative.
Interplanted trees grow
slower and contribute much less to stand yields than do survivors of the
original planting (Schultz 1965).
The amount of interplanting was not
considered extensive enough to unduly bias results.
Subsequent inventories when trees on most plots in an installation were 2
or 3, 10, 15, and 20 years old provided information on tree size, stocking,
yield, and numbers of deaths associated with fusiform rust infection.
Installations west of the Mississippi River were also inventoried at 5 years.
Interplanted trees were measured but not identified in later inventories.
The age 15 and 20 inventories included measurement of diameter at breast
height (d.b.h.) of all trees and of total heights and upper stem dimensions of
12 or more sample trees per plot. Trees were selected at random at age 15 but
were distributed proportionately among diameter classes at age 20. Total
heights of other randomly selected trees were measured if they were needed to
provide a sample of at least 10 dominant and codominant trees on each plot for
estimating average height of the dominant stand.
Sample-tree volumes were determined by the height accumulation procedure
(Grosenbaugh 1954). Volumes per acre for individual plots were then computed
by applying volume/basal area ratios of the 12-tree sample to plot basal areas
after the latter were converted to per-acre values (Lohrey and Dell 1969).
Only total cubic foot volumes are reported. They include wood and bark in the
entire stem of all trees 0.6 inch in d.b.h. and larger.
Data for individual installations containing two or more successful plots
of each of two or more species were evaluated by analyses of variance.
Differences between species were isolated with Duncan’s New Multiple Range Test
(a <_ 0.05).
These analyses are the basis of the significant differences in
performance between species reported in this paper.
Data from the 13
installations where no statistical analysis was possible were used, however, in
establishing species' ranges in total height and volume and are plotted as
points in the figures.
Results and Discussion
Performance Through Age 15
Fifteen-year results of the study were reported in two research papers
(Shoulders 1976, Shoulders and Walker 1979) and in a Tree Planters Notes article
(Shoulders 1977). In these papers, the emphasis was on comparisons between
loblolly and slash pine, because neither longleaf nor shortleaf had outgrown in
height nor outyielded both loblolly and slash pine on any installation through
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age 15. The major conclusions concerning relative performance of loblolly and
slash were:
1.
Loblolly may have a slightly higher potential to survive outplanting
than slash pine, especially on moderately well to excessively drained soils
(table 2). This advantage is easily overcome by adjusting planting densities
to compensate for the approximately 10 percent lower survival rate expected of
slash than of loblolly seedlings.
As an aside, it might be pointed out that shortleaf survived at least as
well as loblolly on moderately well to excessively drained soils, but that
first-year survival of longleaf averaged 23 percentage points less than
first-year survival of loblolly.
2.
Fusiform rust (Cronartium quercuum (Berk.) Miyabe ex Shirai f. sp.
fusiform), associated mortality averaged 6.8 percent among loblolly pine and
11.0 percent among slash pine seedlings that were present at age 2 or 3 years.
These losses amounted to about one-third of the trees of each species that
developed stem galls by age 15. Here again, differences between loblolly and
slash pine might be overcome by adjusting planting density or by planting rust
resistant slash pine trees that otherwise perform at least as well as trees
from local seed.
3.
In height and volume through age 15, slash had grown as well as or
better than loblolly pine on level or nearly level sites having imperfectly or
less well drained silt loam soils (table 3). In most other situations the two
species had usually grown equally well.
Heights and Yields at 20 Years
With this background on early results, let us now compare 20-year heights
and yields of the four species on the three site conditions. Keep in mind that
heights more accurately reflect the potential for individual species to grow on
a particular site, whereas yields are affected by planting survival and by
post-planting mortality associated with brownspot needle blight (Scirrhia
acicola (Dearn.) Siggers) and fusiform rust infection.
Installations that
suffered catastrophic losses from insects, fire, and hurricane were omitted
from these comparisons.
Average heights of dominant and condominant loblolly trees at 20 years
ranged from 11 to 71 feet, of slash from 30 to 70 feet, of longleaf from 23 to
59 feet, and of shortleaf from 27 to 57 feet. The shortest trees of all
species were found on wet sites and tallest trees on intermediate sites.
Scattergrams contrasting heights of dominant and codominant trees (fig. 2)
show that: slash was usually taller than loblolly, longleaf, or shortleaf;
loblolly was usually taller than longleaf or shortleaf; and that longleaf was
usually taller than shortleaf.
The second impression one gets from these
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Table 2.

First-year survival by species and site condition.

Site

Species

Wet

Intermediate

Dry

All

--------------------------Percent-------------------Loblolly pine

84

77

58

77

Slash pine

76

68

49

69

Longleaf pine

63

52

32

54

Shortleaf pine

75

80

73

78

82

Table 3.

Comparison of heights and volumes of loblolly and slash pine at
15 yearsj by site condition.

Stand Characteristic
and site condition

Loblolly
sig. greater*

Slash
sig. greater

No
sig. difference

Height of dominant and codominant trees
0
Wet
0
Intermediate
0
Dry
0
All sites

57
10
11
24

43
90
89
76

Total volume per acre
Wet
Intermediate
Dry
All sites

25
11
14
15

75
83
86
82

* Significant at a = 0.05

0
6
0
3

LOBLOLLY vs SLASH

SLASH vs LONGLEAF

HEIGHT(FEET)

SLASH vs SHORTLEAF

LONGLEAF vs SHORTLEAF

LOBLOLLY vs SHORTLEAF

HEIGHT (FEET)
Figure 2.

Comparisons between sp e cie s of h e ig h ts of dominant and codominant
tr e e s a t 20 y e a rs on wet (►) , in te rm e d ia te (● ) , and dry (■) s i t e s .
(In t h i s and o th e r fig u re s diagonal lin e re p re s e n ts equal perform ance
of th e two sp e c ie s in th e com parison).
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graphs is that there were many installations where differences between species
were not great. These trends are borne out in a more detailed examination of
the data.
Slash pine was significantly taller that loblolly in 65 percent of the
wet, 23 percent of the intermediate, and 11 percent of the dry site
installations where statistical analyses were possible (table 4).
On
intermediate sites, moreover, the proportion of installations where slash
excelled in height increased 13 percentage points from age 15 to age 20.
Loblolly pine was significantly taller than slash on only one installation;
this was on an intermediate site. There were no differences in heights of
these two species in 65 percent of all installations.
The proportion of
installations in this category increased as sites became drier.
In no case was longleaf or shortleaf significantly taller than loblolly
pine. Loblolly was taller than longleaf in 33 percent of the wet and 22
percent of the intermediate site installations where both species were present
at 20 years.
These percentages are conservative, as they include only
installations where longleaf survived and emerged from the grass. Longleaf had
failed completely in 55 percent of the wet site installation and 44 percent of
the intermediate and dry site installations for which 20-year loblolly data
were available.
Loblolly was significantly taller than shortleaf in all wet site
installations, in 54 percent of intermediate site installations, and in 25
percent of dry site installations where comparisons were possible between these
species.
Slash pine was never inferior in height to longleaf or shortleaf. Slash
was significantly taller than longleaf in 59 percent of the installations and
than shortleaf in 81. The trend noted earlier toward more equal performance on
dry than on wet sites was also evident in these comparisons.
Only 18 comparisons were possible
Longleaf was significantly taller than
sites and in 4 of 13 installations in
were no differneces in heights between

between longleaf and shortleaf heights.
shortleaf in 1 of 2 installations on wet
intermediate sites. Otherwise, there
longleaf and shortleaf pine.

Total volumes in the entire stand of trees 0.6 inch d.b.h. and larger at
20 years ranged from 64 to 5,644 ft3 (o.b.) per acre for loblolly, from 1,171
to 5,959 ft3 for slash, from 226 to 4,874 ft3 for longleaf, and from 915 to
5,313 ft3 for shortleaf (fig. 3).
Slash yields were significantly higher than loblolly yields in 53 percent
of the wet sites and 11 percent of the intermediate sites (table 5). Loblolly
outyielded slash in 8 percent of the installations on intermediate sites. In
the remaining installations (8 on wet, 29 on intermediate, and 8 on dry sites)
differences in yields between these species were not significant.
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Table 4.

Differences between species in heights of dominant and codominant
trees at 20 years.

Site

Item

Wet

Intermediate

Dry

All

-- Percent of installations-Loblolly vs Slash
Loblolly sig. taller*
Slash sig. taller
No sig. difference

0
65
35

3
23
74

0
11
89

2
33
65

Loblolly vs Longleaf
Loblolly sig. taller
Longleaf sig. taller
No sig. difference

33
0
67

22
0
78

0
0
100

22
0
78

Loblolly vs Shortleaf
Loblolly sig. taller
Shortleaf sig. taller
No sig. difference

100
0
0

54
0
46

25
0
75

55
0
45

Slash vs Longleaf
Slash sig. taller
Longleaf sig. taller
No sig. difference

78
0
22

55
0
45

50
0
50

59
0
41

Slash vs Shortleaf
Slash sig. taller
Shortleaf sig. taller
No sig. difference

100
0
0

79
0
21

75
0
25

81
0
19

Longleaf vs Shortleaf
Longleaf sig. taller
Shortleaf sig. taller
No sig. difference

50
0
50

31
0
69

0
0
100

28
0
72

* Based on Duncan's New Multiple Range Test (a

0.05)
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LOBLOLLY vs SLASH

SLASH v» L0W6LEAF

LOBLOLLY vs L0HGLEAF

SLASH vs SHORTLEAF

45

30

15

TOTAL YIELD (100 FT3 (OB)/ACRE)

60

45

30

15 -

60

LOBLOLLY vs SHORTLEAF

LONGLEAF vs SHORTLEAF

45

30

15

15

30

45

60

0

15

30

45

60

TOTAL YIELD (100 FT3(0B)/ACRE)

Figure 3.

Comparison between species of total volume at 20 years on wet (►),
intermediate (● ), and dry (■ sites.
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Table 5.

Differences between species in total volume at

20 years.

Site

Item

Wet

Intermediate

Dry

All

---- Percent of installations—
Loblolly vs Slash
Loblolly sig. greater*
Slash sig. greater
No sig. difference
Loblolly vs Longleaf
Loblolly sig. greater
Longleaf sig. greater
No sig. difference

0

8
11

21

81

0
0
100

67

75

25

67

0

0

0

0

33

25

75

33

50

9

0
0
100

11
0

53
47

5
74

Loblolly vs Shortleaf
Loblolly sig. greater
Shortleaf sig. greater
No sig. difference

0

0

50

91

Slash vs Longleaf
Slash sig. greater
Longleaf sig. greater
No sig. difference

100
0
0

65
5
30

40
60

71
3
26

50

14
4
82

0
0
100

14
4
82

Slash vs Shortleaf
Slash sig. greater
Shortleaf sig. greater
No sig. difference
Longleaf vs Shortleaf
Longleaf sig. greater
Shortleaf sig. greater
No sig. difference

0
50

0

89

50

0

0

6

0

27
73

67
33

31
63

50

* Based on Duncan's New Multiple Range Test (a < 0.05)
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Loblolly yields equalled or exceeded those of longleaf and shortleaf in
all installations. But the clear superiority of loblolly over the other two
species declined with decreasing wetness of site. Loblolly outyielded longleaf
in only one of four dry site installations where a stand of longleaf emerged
from the grass stage. Loblolly outyielded shortleaf in none of four dry site
installations where these species were compared.
Slash yields were as high or higher than longleaf yields in 33 of 34
installations.
Longleaf yield was greater on one intermediate site
installation.
In this installation, on an old field, longleaf survived
exceptionally well (82 percent at 20 years) and emerged from the grass at an
early age. Slash was heavily infected with fusiform rust and sustained 30
percent rust associated mortality by age 20. As with loblolly, the percentage
of installations where slash outyielded longleaf declined as sites became
drier, from 100 percent for wet sites to 40 percent for dry sites.
Slash yields also equalled or exceeded shortleaf yields in all but one
installation on an intermediate site— the installation noted above where slash
sustained heavy fusiform rust associated mortality.
Slash yields were
significantly greater than shortleaf yields on 1 of 2 wet site installations
and 3 of 22 intermediate site installations.
In comparisons between longleaf and shortleaf pine, longleaf yields
equalled or exceeded shortleaf yields on wet sites, and shortleaf yields
equalled or exceeded longleaf yields on intermediate and dry sites.
The trends described above were also evident in merchantable volumes
(volume in trees < 4.6 inches d.b.h. to 4.0 (o.b.) inch top), but acutal
merchantable yields averaged about 20 percent less than total yields.
Other Considerations in Species’ Selection
These results support our earlier conclusions that longleaf and shortleaf
have performed no better than loblolly and slash and that loblolly and slash
have performed about equally well on many intermediate and dry sites. But
three additional issues need to be addressed before any attempt is made to
generalize from these findings:
(1) the problems associated with the grass
stage of longleaf pine; (2) fusiform rust infection in loblolly and slash pine;
and (3) the effects of the amount and distribution of rainfall at the planting
site on relative performance of the four species.
Three factors contribute to the low percentage of longleaf seedlings that
emerge from the grass stage: poor planting survival, the characteristic of
longleaf not to initiate height growth until it achieves a root collar diameter
of approximately one inch, and brownspot needle blight. Collectively, these
factors eliminated longleaf from more than half of the installations remaining
at age 20. Even in installations where it survived, longleaf then averaged
only 550 trees per acre as against an overall average stocking of 755 trees per
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acre for loblolly, 673 trees per acre for slash,
shortleaf. In 16 Installations containing two or
longleaf averaged 1,520 ft3 per acre less volume
1,565 ft per acre less than slash, and 1,110 ft3
pine.

and 885 trees per acre for
more plots of four species,
at 20 years than loblolly,
per acre less than shortleaf

Clearly, the prognosis is not good for longleaf as an alternative to the
other species in short rotation forestry unless reliable ways are perfected to
ensure early emergence of well stocked plantations from the grass stage. This
could change with widespread use of brownspot resistant longleaf.
An
adjustment of yields of all species to the average level of stocking in
individual installations showed that longleaf was potentially as productive as
the others in more than half of the installations where longleaf survived
(table 6, fig. 4). The adjustment was in two stages, first, plot volume/basal
area ratios were adjusted by regression to the average basal area of all plots
in the installation. Adjusted individual plot ratios were then multiplied by
the average basal area for the installation to compute adjusted plot volumes.
Through age 20, zero to 78 percent of loblolly and 25 to 88 percent of
slash trees present on individual plots at age 2 or 3 had developed fusiform
rust stem infections. These were post-planting infections. In loblolly pine,
infection rates were lowest on dry and highest on intermediate sites (table 7,
5).
Site had less effect on rates of infection in slash pine; site
average for this species ranged from 31 percent for wet to 37 percent for
intermediate sites.
Infection rates were never significantly greater in loblolly than in slash
pine in any installation (table 8). Slash was more heavily infected than
loblolly in 47 percent of the wet, 29 percent of the intermediate, and 86
percent of the dry site installations.
Because infection rates were higher, rust associated mortality was greater
in slash than in loblolly pine (table 7, fig. 6A). By age 20, slash had
sustained 6 percentage points more rust associated mortality than loblolly on
wet, 8 percentage points more on intermediate, and 11 percentage points more on
dry sites. Differences between species were significant in 33 percent of the
wet, 16 percent of the intermediate, and 43 percent of the dry site
installations (table 8).
Mortality among stem galled trees appears to have been somewhat higher in
slash than in loblolly (table 7, fig. 6B). But there were no significant
differences between the two species in the proportion of trees with stem
infections that died by age 20 in 93 percent of the wet, 86 percent of the
intermediate, and 80 percent of the dry-site installations (table 8).
Significantly higher proportions of galled loblolly than slash died in one wet
site installation and of slash than of loblolly in one dry site and four
intermediate site installations.
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Table 6.

Differences between longleaf pine and other species in
adjusted total yields at 20 years.*

Site

Item

Wet

Intermediate

Dry

All

---Percent of installations----------Loblolly vs Longleaf
Loblolly sig. greater**
Longleaf sig. greater
No sig. difference
Slash vs Longleaf
Slash sig. greater
Longleaf sig. greater
No sig. difference
Longleaf vs Shortleaf
Longleaf sig. greater
Shortleaf sig. greater
No sig. difference

*

80

0
0
100

82

67

40

40

47

0

0

0

0

33

60

60

53

50

9

0

0

50

91

0
0
100

12
0
88

22
0

20
0

78

18

0

Yields of all species were adjusted to the average basal area stocking of
the installation.

** Based on Duncan's New Multiple Range Test (a £ 0.05).

ADJUSTED TOTAL YIELD (100 FT3 (OB)/ACRE>

91

ADJUSTED TOTAL YIELD (100 FT3 (OB)/ACRE)

Figure 4

Comparison between longleaf and other species of total volume at 20
years adjusted to average basal area of all species in the
installation on wet (►), intermediate (● ) and dry (■ ) sites.
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Table 7.

Cumulative fusiform rust stem infections, rust associated mortality,
and mortality among stem infected trees through age 20.

Site

Item and species

Wet

Intermediate

Dry

All

•Percent of established stand
Stem-galled trees
Loblolly
Slash

17
31

25
37

8
34

21
35

Rust associated mortality
Loblolly
Slash

8
14

11
19

3
14

9
17

•Percent of stem-galled trees---Mortality among infected trees
Loblolly
Slash

42
43

37
53

37
42

39
49

LOBLOLLY PINE STEMS INFECTED

(PERCENT)

93

0

20

40

60

80

SLASH PINE STEMS INFECTED (PERCENT)

Figure 5.

Cumulative fusiform rust stem infection in established stands on wet
(►), intermediate (● ), and dry (■) sites through age 20.
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Table 8.

Differences between loblolly and slash pine in fusiform rust
infection and rust associated mortality through age 20.

Significantly greater*

Item

Loblolly pine

Slash pine

No significant
difference

— Percent of installations----------Cumulative fusiform rust infection
Wet sites
Intermediate sites
Dry sites
All sites

0
0
0
0

47
29
86
42

53
71
14
58

Fusiform rust associated mortality
Wet sites
Intermediate sites
Dry sites
All sites

0
0
0
0

33
16
43
25

67
84
57
75

Mortality among stem-galled trees
Wet sites
Intermediate sites
Dry sites
All sites

7
0
0
2

0
14
20
10

93
86
80
88

* Significant at a = 0.05
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RUST ASSOCIATED MORTALITY

IN LOBLOLLY PINE (PERCENT)

(A)

(B)

RUST ASSOCIATED MORTALITY IN SLASH PINE (PERCENT)
Figure 6

Fusiform rust associated mortality as a percentage of established
stand (A) and of stem-galled trees (B) on wet (►), intermediate (•),
and dry (■) sites.
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It is clear from these results that slash was more heavily infected and
suffered more rust associated mortality than loblolly. This trend has been
observed in plantations across the South. Because of it, slash has fallen into
disfavor among many foresters.
The points I would like to emphasize are:
(1) that both species are
susceptible to the disease and (2) that in side-by-side comparisons differences
between the two in infection rates and in rust associated mortality were seldom
sufficient to cause loblolly to be preferred over slash as the species to grow.
Results of the height and yield comparisons support this conclusion. Only in 3
of 61 installations where both comparisons could be made did loblolly excell
significantly in yield, but not in height, at 20 years.
It is obvious from the scattergrams and from the results of statistical
analyses of heights and yields that variation exists in relative performance of
the four species within the three broad site categories. Another paper on the
study (Shoulders and Tiarks 1980) reported that chances for selecting the
species best suited to a particular site are enhanced by considering factors
that affect the moisture regime of the site. Investigation of these factors
showed that 46 to 60 percent of the variations in 20-year heights of loblolly,
slash, longleaf, and shortleaf pine were associated with average amount and
seasonal distribution of rainfall, available moisture storage capacity of the
subsoil (which is closely related to soil texture), and slope.
These
relationships are especially useful in deciding whether loblolly or slash pine
should be favored on a particular site.
In general, heights of both loblolly and slash pine were reduced by too
little or too much rainfall at the planting site. But loblolly was more
sensitive than slash to an overabundance of rainfall in any season (fig. 7).
Maximum amounts of warm and cool season rainfall necessary for loblolly to
excel decreased as slope increased and as available soil moisture increased or
decreased from an optimum of about 7 percent. On sites having sandy loam or
loam subsoils, loblolly should grow as well or better than slash if warm season
rainfall averages 29 inches and average annual rainfall does not exceed 55
inches. For loblolly to excel on sites with silt loam or finer textured soils
within 20 inches of the surface or on deep sand, annual rainfall should not
exceed about 52 inches and should be about equally distributed between warm and
cool seasons. Figure 8 shows for average soil and slope conditions in the
study where in the two-state area loblolly is expected to be taller at age 20
and where slash is expected to excel.
Position of this line of equal
performance shifts to the south and east as conditions become more favorable
for loblolly than for slash growth and to the north and west as they become
less favorable.
Summary and Conclusions
What general conclusions can be drawn from these results to aid the
practicing forester in selection of a species to plant on a particular site?
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RELATIVE HEIGHTS OF LOBLOLLY &
SLASH PINE AT 7.5% AVAILABLE
MOISTURE & 5% SLOPE

SEASON

RAIN

(INCHES)

RELATIVE HEIGHTS OF LOBLOLLY &
SLASH PINE AT 7.5% AVAILABLE
MOISTURE & 0% SLOPE

RELATIVE HEIGHTS OF LOBLOLLY &
SLASH PINE AT 15% AVAILABLE
MOISTURE & 0% SLOPE

RELATIVE HEIGHTS OF LOBLOLLY &
SLASH PINE AT 15% AVAILABLE
MOISTURE & 5% SLOPE

COOL SEASON RAIN (INCHES)

Figure 7.

Relative performance of loblolly and slash pine under a variety of
site conditions (adapted from Shoulders and Tiarks 1980)
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The first is that neither longleaf nor shortleaf has emerged as clearly
superior to loblolly and slash for planting in Louisiana or that portion of
Mississippi represented by the study.
Shortleaf or brownspot resistant
longleaf may be alternatives to loblolly or slash on droughtly soils,
especially in areas of high fusiform rust hazard. There is insufficient
evidence at this time to choose between longleaf and shortleaf for planting in
these situations.
The second is that in choices between loblolly and slash, differences in
planting survival, in susceptibility to fusiform rust infection, or in rust
associated mortality were seldom great enough to cause one species to be
favored over the other.
Third, slash is a better choice than loblolly for planting on flat, wet
sites having imperfectly or less well drained soils. The two species have
often performed equally well on intermediate and dry sites.
Finally, chances for choosing the species best suited for planting on a
particular site are improved if amount and seasonal distribution of rainfall,
slope, and subsoil texture all are considered in making the selection. These
factors need especially to be considered in deciding whether loblolly or slash
should be favored on intermediate and dry sites.
Literature Cited
Cassady, John T. and Philip R. Wheeler. 1956.
forests. Forests and People 6(1):18-21.

Louisiana needs more planted

Grosenbaugh, L. R. 1954. New tree-measurement concepts: height accumulation,
giant tree, taper, and shape. USDA Forest Serv. Occas. Pap. 134, 32 p.
South. For. Exp. Sta., New Orleans, LA.
Lohrey, R. E. and T. R. Dell. 1969. Computer programs using height
accumulation for tree volumes and plot summaries. J. For. 67:554-555.
Schultz, A. J. 1965. Replacement planting. In: W. G. Wahlenberg, ed. A
guide to loblolly and slash pine plantation management in southeastern
USA. p. 75-83. Ga. For. Res. Counc. Rep. No. 14., Macon, GA.
Shoulders, E. 1976. Site characteristics influence relative performance of
loblolly and slash pine. USDA For. Serv. Res. Pap. SO-115. 16 p. South.
For. Exp. Sta., New Orleans, LA.
_____• 1977. Which to plant— loblolly or slash pine?
28(2):10-14, 29.

Tree Planters' Notes

----- and A. E. Tiarks. 1980. Predicting height and relative performance of
major southern pines from rainfall, slope, and available soil moisture.
Forest Sci. 26:437-447.

99

_____ and F. V. Walker.
1979.
Soil, slope, and rainfall affect height and
yield in 15-year-old southern pine plantations.
USDA Forest Serv. Res.
Pap.
SO-153.
52 p. South. Fore. Exp. Sta., New Orleans, LA.
Wakeley, P. C.
1954.
Planting the southern pines.
Monog. No. 18.
233 p. Washington, DC.

USDA Forest Serv. Agric.

LOBLOLLY
TALLER

100

Figure 8.— Regions of better performance of loblolly and slash pine under
average conditions of slope and available soil moisture storage
(adapted from Shoulders and Tiarks 1980).

PREDICITING GROWTH AND YIELD IN SOUTHERN HARDWOOD STANDS:
A SUMMARY

Bryce E. Schlaegel
Mensurationist
U.S. Forest Service, Stoneville, Mississippi

Southern hardwoods may be considered as being all the hardwood species
growing in the southern United States. Geographically this is roughly the
area south of and including Arkansas, Tennessee, and North Carolina, including
Virginia. Within this area are included the hardwoods of the Appalachians,
the old-pine forests, and the bottomlands. Some 80 species of commercial
hardwoods are found on 100 million acres throughout this area. They exhibit a
complex structure in both age and species composition.
The stand may range in complexity from those of a single species to those
containing 20 or more species. They may exist as either a single age class,
several age classes, or as a heterogenous mix of ages ranging from seedlings
to mature trees.
Growth and yield information provides the basis for many forest
management decisions, especially those on sustained yield management. But
there is a paucity of information on southern hardwood growth and yield.
There are several reasons for this. The complexity of the species and age
distributions do not offer a readily apparent analysis procedure that insures
accuracy over a large area. Growth and yield research is inherently long
term. As a result, few researchers are willing to invest the necessary years
in this type of work.
But hardwood utilization is increasing. More utilization results in
increased management with a rising interest in growth and yield information.
This paper summarizes the models and tables that have been developed for
predicting the growth and yield of southern hardwoods.
Available Models
The following models can all be classified as distance-independent stand
level models. Stands are regarded as a whole with average conditions existing
over some fairly large area. No effort is made to quantify either the growth
of individual trees (individual-tree models) or the effects of neighboring
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trees on the growth of a specific tree (distance-dependent models).
Individual stands are classified by their age, basal area, site index, and
number of trees. With one exception, the equations have been derived from
fixed area plots, usually ranging from 1/5 to 1/4 acre in size.
Natural Stands - Unthinned Even-aged
Yellow-poplar. There are two models available for predicting
yellow-poplar yield (Schlaegel, et al. 1969; Beck and Della-Bianca 1970) and
one for predicting growth (Schlaegel and Kulow 1969a).
The growth and yield models by Schlaegel et al. are compatible stand
models based on Clutter's (1963) technique. These were developed for West
Virginia yellow-poplar and are compatible in that the growth model may be
summed to obtain predictions from the yield model.
The current yield
functions were developed on data from 123 temporary plots. The stands varied
in age from 26 to 80 years with site indices from 57 to 110 feet at 50 years.
Tree growth was estimated from increment cores and stand growth by stand table
projection (Schlaegel and Kulow 1969b).
Stand cubic-foot yield as a function of stand age, site index, and basal
area is estimated from
LnV = 4.7123 + 0.0071(S) + 0.6167(LnB) - 7.7335(A_1)

1

where
V = cubic-foot volume per acre inside bark for the complete stem
including trees larger than 4.5 inches d.b.h.,
S = site index in feet,
B = stand basal area, square feet per acre,
A = stand age in year,
Ln = natural logarithm.
Future stand volume can be estimated if the future stand basal area can
be determined. Basal area growth is estimated from
dB/dA = B(5.9358 - LnB)A_1

2

where
dB/dA = basal area growth per acre per year,
and B and A are previously defined. From 2, the current basal area (B0) can
be projected from an intital age (A0) to a future age (A ) by
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where
Bq = initial stand basal area,
B = future stand basal area,
P
A- = initial stand age, and
A = future stand age.
P
Current stand volume (V^) can be projected to the future by

where V and V are respectively current and future stand volume and A , A ,
Bq , and Bp arenas previously defined.
P
Beck and Della-Bianca (1970) developed yellow-poplar yield tables using
141 sample plots from North Carolina, Georgia, and Virginia. The stands
ranged in age from 17 to 76 years, with site indices from 75 to 140 feet, and
basal areas from 44 to 208 square feet per acre.
They used the diameter distribution approach in predicting stand yield:
(1) the total number of trees per acre by diameter class is estimated as a
function of stand age, site index, and stand density; (2) heights of trees of
given diameters are estimated from age, site, and density; (3) tree volume of
a given height and diameter is determined from tree volume equations; and (4)
the volumes are applied to the diameter distribution to obtain per-acre
yields.
They first calculated the proportion of basal area per acre by one-inch
diameter classes using solutions of the beta distribution developed by McGee
and Della-Bianca (1967). Basal area per diameter class was converted to
number of trees per class by:
5

where
P. = proportion of total basal area per acre that
lies in the ith diameter class;
N_, = number of trees in the ith diameter class;
i

104

BA = total basal area per acre; and
B. = basal area per tree for the midpoint tree ,
1
in the ith diameter class.
Volumes of individual trees of a specific diameter and height were
calculated from volume functions of the form:
V = bQ + b1(D2H)

6

where
V = tree volume,
D = d.b.h. in inches,
H = predicted total height in feet,
and b- and b^ are estimated from the data.
Tree height (h) of a given diameter is estimated from:
Log(H) = Log(He) + 0.01857 - [2.28645
- 0.59146 Log(t) - 0.64614(100/A)
+ 2.57302(S/100)](1/D - 1/Dmax)

7

where
Log = common base 10 logarithm,
He = average height of dominant and
codominant trees in feet obtained
from site index curves,
H = total height in feet of a tree of
diameter D in inches,
Dmax
T
A
S

=
=
=
=

maximum diameter occurring in the stand,
number of trees per acre,
stand age in years,
site index, and

Dmax = 9.38123 + 2.41398(AS/1000)
- 0.35928(AT/1000).

8

These volumes for individual trees were then applied to the number of trees in
each diameter class for different combinations of age, site index, and number of
trees to produce yield tables.
This technique is very useful, since volumes for individual diameter
classes can be readily obtained from the volume equation and the height and
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diameter distribution tables. But if volumes are needed for a stand that is not
explicitly represented in the tables, some sort of computer is needed because of
the complexity of the calculations.
Mixed hardwoods. Of the few yield estimates developed for southern
hardwoods, most have been for stands of a single species, such as those
previously noted for yellow-poplar. Smith et al. (1975) reported a large number
of yield equations for a variety of merchantability standards on a variety of
hardwoood sites. The equations predict board feet, cubic feet, dry weight, and
green weight for these standards, including total biomass. Broad site
calssifications covered include muck swamp, peat swamp, wet flat, red river
bottom, black river bottom, branch bottom, bottomland, coves, gulfs and lower
slopes, and upland slopes and ridges.
Stands ranging from Virginia to Florida and west to Louisiana and Arkansas
were sampled with 641, 1/5—acre plots. Most plots were even—aged and ranged in
age from 20 to 60 years. Plots were located only in fully stocked, relatively
uniform stands and thus represent better managed hardwood stands of the future
and not stands of inferior structure.
The general model for predictiong yield is:
Log V = a + b(1/A) + c[(Log H)/A] + d(Log B)

9

where
A = stand age in years,
H = average total height of merchantable trees in feet,
B = stand basal area; either total, merchantable or merchantable
proportion of total, and
V = yield variable of interest,
Log = common base 10 logarithm,
and a, b, c, and d are coefficients estimated from the data.
They recommend that users supply their own stand height and basal area data
for use in the models; this will make the models more specific to a local area.
But if these data are lacking, they present equations for predicting both total
height and basal area. The general model forms are:
Log H = a + b(A) + d(STATE) + ci(Pi),

10

Log B = a + b(1/A + c[(Log H)/A] + e(STATE)
+ f[(Log H)/A2] + di(Pi)
where A, H, B, and Log are defined previously, i defines the species, and

11
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STATE = 0 if North Carolina, Tennessee, or Virginia,
= 1 if elsewhere,
Pi = percent of merchantable basal area in species i.
The STATE variable simply shifts the equation intercept to account for
geographic location. The authors presented tables of coefficients for use in
models 9, 10, and 11 for estimating a variety of yields for each of the site
classifications.
Bottomlarid hardwoods. The equations by Smith et al . (1975) include data
from nine sample plots from Mississippi and Arkansas. I recently developed a
board foot yield equation for the Delta National Forest in Mississippi. The
equation, developed from harvest data from 121 stands, is:
Ln(V/1000) = - 1.19839 + 0.0075723(S)
- 1.14894(10/A) + 0.27900(LnB)
+ 0.052754(N)

12

where
V = inside bark board feet per acre (Scribner)
to 12-inch top of trees 14 inches d.b.h. and
larger,
S = average stand site index,
A = stand age in years,
B = square feet of basal area per acre of trees
14 inches d.b.h., and
Ln = natural logarithm.
The stands ranged in age from 70 to 140 years, with site indices of 80 to 110
feet, merchantable basal areas from 23 to 70 square feet, and in number of trees
from 7 to 31.
All stands were mature to over-mature and generally understocked, but the
model seemed to fit reasonably well with a coefficient of determination (R2) of
0.82. Age is a relatively unimportant variable in stands of this type, and
number of trees is very important in predicting board-foot volume.
This equation should be used cautiously. Tests are currently being
conducted to ascertain its usefulness in younger, better-stocked bottomland
stands.
Natural Stands - Thinned Even-aged
Yellow-poplar. Growth and yield equations for thinned stands
yellow-poplar were developed by Beck and Della-Bianca (1972). The
based on observations from 141 thinned stands from the Appalachian
North Carolina, Virginia, and Georgia. The stands, ranging in age

of
equations are
mountains of
from 17 to 76
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years, were thinned to basal areas of 40, 60, up to 160 square feet per acre.
Basal areas and volumes of trees 4.5 inches d.b.h. and larger were computed at
the time of thinning and again after five growing seasons.
A simultaneous growth and yield model developed by Sullivan and Clutter
(1972) was used for the analysis. The solution was
LnY2 = 5.36437 - 101.16296(1/S) - 22.00048(1/A2>
+ 0.97116(A /A )(LnB ) + 3 . 71 79 6( 1 ^/A2)
+ 0.01619(S)(1-A1/A2)

13

where
Y2 = total stand volume of wood and bark at
some future age A2>
A1 = present stand age in years,
A2 = stand age at the end of the projection period,
S = site index,
B1 = present stand basal area, and
Ln = natural logarithm.
Note that when A^ = A2 = A (future age = present age) the equation simplifies to
a current stand yield model
LnY2 S 5.36437 - 101.16296(L/S) - 22.00048(L/A)
+ 0.97116(LnB).

14

Following similar procedures, equations were developed for projected basal
area, basal area growth, and cubic-foot growth:
Projected basal area per acre:
LnB

= (Ax /A2) (LnB^ + 3.82837(l-A^ A^
+ 0.01667(S)(1-A1/A2)

15

Instantaneous basal-area growth per acre per year:
dB/dA = (B)(1/A)[3.82837 + 0.01667(S) - LnB]

16

Instantaneous total cubic-foot growth per acre per year:
dY/dA - y*[3.71796(l/A) + 0.01619(S)(1/A)
- 0.97116(1/A)(LnB) + 22.00048(1/A2)]
With y* = Y2 computed by equation 14.

17
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Beck and Della-Bianca then used the equations to develop a series of tables
for current and projected yields based on age, site, and initial basal area.
These equations are a valuable addition to our knowledge of southern hardwood
growth and yield.
Beck and Della-Bianca (1975) also present board-foot growth and yield
equations and tables based on this same study. Their yield equation is
BFV/B1 = - 545.33701 + 222.63551(D½)
- 18.18270(D) + 0.35306 H * D½)

18

where
BFV = International 1/4inch board-foot
stand volume per acre of all trees
11.0 inches d.b.h. and over,
Bj = residual stand basal area in square feet
per acre of all trees 4.6 inches d.b.h.
and over,
H = average stand total height in feet of
dominants and codominants, and
D = residual quadratic mean stand diameter in inches.
Average dominant stand height can be estimated from
LnH = LnS + 21.08707(1/50 - 1/A)

19

and residual quadratic mean stand height can be estimated from
D = 1.69866 + 5.11396(A1 (S/1000) - 0.28209(A 2/100)
- 0.43439(S2/1000) - 0.80745(A1B1 /1000)
+ 0.05724(B12/1000)

20

where, for 19 and 20
Ln = natural logarithm,
S = site index in feet at age 50 years,
A, A1 = either stand age or initial stand age (years),
All of these models, tables, and their applications are included in the
yellow-poplar management guide by Beck and Della-Biance (1981).
Upland oaks. Martin Dale (1972) developed a set of growth and yield
equations for the upland oaks. Although developed from stands in Ohio,
Kentucky, Iowa, and Missouri, they represent many stands in the southern
hardwoods area. The equations were developed from 154 permanent growth plots.
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Stand age at time of thinning varied from 22 to 90 years. Site index
varied from 55 to 89. After thinning from below, basal areas ranged from 20 to
110 square feet. Growth results are reported after 10 years.
A number of models were developed for estimating different growth and yield
aspects:
Net annual basal area growth per acre including ingrowth for all trees 2.6
inches d.b.h. and larger:
Yx = - (B)(A-0,8)(LnB) + 3.68521(B)(A-0*75)
+ 0.011383(B)(S)(A-1-05)

21

Total cubic-foot bole volume per acre for all trees 2.6 inches d.b.h. or
larger, including bark, stump, and tip:
Ln Y2 = 3.09094 + 0.0093018(S) + 1.03909(LnB)
- 20.11035(A-1)

22

Quadratic mean stand diameter of trees 2.6 inches d.b.h. or larger:
Y3 = 1.1341 + 0.0019876(A)(S)

23

Ratio of merchantable cubic-foot volume to total cubic-foot volume;
merchantable trees 4.6 incher d.b.h. or larger:
Y

4

= - 0.052676 + 0.7876045
EXP[-(1.2987 - 0.08117(D))10]

24

Ratio of board-foot volume to total cubic-foot volume; International *s-inch
rule for trees 8.6 inches d.b.h. or larger:
Y5 = - 0.088414 + 3.63827
EXP[-(2.00 - 0.125(D))4 ]

25

where, in 24 and 25, D = quadratic mean stand diameter of trees 2.6 and
inches d.b.h. or larger.
A set of tables were generated from the equations that cover a wide range
of ages, sites, and initial basal areas. Like the yellow-poplar equations,
these by Dale illustrate a complete management system for the upland oak
forests.
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Model Input and Output
While most of the preceeding equations appear to be somewhat complex, they
all have common field measures that are needed to make predictions. They all
require that stand age and average stand height be found. If site index is
required, this is obtained from average dominant and codominant height. All but
Beck's unthinned yellow-poplar model require stand basal area; Beck's model uses
number of trees. Thus, the only imput needed is what would normally be
gathered: basal area, age, average height, and number of trees.
A large number of outputs are possible from the equations. But they are
all similar in that they will produce a yield table for some specific stand age,
site index, and basal area or number of trees. The authors have generated a
number of yield tables that span their data range and usually extrapolate it
slightly. The yield tables are quite standard and are easily used and
understood.
Examples
While the tabulations can be very easily used, often the equations can not.
And seldom does a particular stand in question exactly fit the requirements for
using the table. Hence, the equation must be solved. This section illustrates
the use of the previous equations; an example is presented of each type of
equation.
Using Smith et al. (1975) to predict the merchantable cubic-foot production
of a 50-year-old bottomland stand in Virginia with a merchantable basal area of
130 square feet and an average height of 69 feet; H = 69, A = 50, and B = 130.
From table 1 of their paper, model 6 is
Log V = a + b (1/A) + c [(Log H)/A] +d (Log B).
Using the coefficients presented in table 9 of Smith £t al. (1975), and
substituting values of A, B, and H, we have
Log V = 0.89151 - 34.73235(1/50) + 19.40715 [(Log 69)/50]
+ 1.21384 (Log 130)
= 0.89151 - 34.73235(0.02) + 19.40715[1.83885/50]
+ 1.21384(2.11394)
= 0.89151 - 0.69465 + 0.71379 + 2.56598
Log V = 3.47663
V = 103.47663 = 2997 cubic feet.

9
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This estimate agrees closely with theirs in table 22 except for a slight round
error.
Next, let us use Schlaegel, Kulow and Baughman (1969) to estimate the total
cubic-foot volume of a 50-year-old yellow-poplar stand with a basal area of 100
sq. ft. and a site index of 80: A = 50, B = 100, S = 80. Substituting the
stand measures, equation 1 becomes
LnV = 4.7123 + 0.0071(80) + 0.6167(Ln 100) - 7.7335(1/50)
= 4.7123 + 0.0071(80) + 0.6167(4.6052) - 7.7335(0.02)
= 4.7123 + 0.5680 + 2.8400 - 0.1547
LnV = 7.9656
„
V = e7
5
.
6
9

= (2.7183)

7.9656

. .
= 2880 cubic feet.

Using Beck and Della-Bianca's (1970) equations to predict stand volume is
somewhat more complicated and difficult to verify. Given a stand of
yellow-poplar that is 40 years old, has 200 trees per acre, and a site index of
100, the following illustrates part of the process necessary to calculate values
in their yield table.
To calculate the total cubic-foot volume of the 10-inch d.b.h. trees,
knowing that there are 22 of them from the inventory, a volume equation by Beck
(1963) gives the total cubic-foot volume of wood and bark of a single tree as
V = 0.0025 (D H) - 0.0028.
Our tree is 10 inches d.b.h., but we do not know its total height (H). But this
can be estimated from equation 7:
Log(H) = Log (H ) + 0.01857 - [2.28645 - 0.59146 Log (T)
- 0.64614(100/A) + 2.57302(S/100)](1/D - 1/Dmax).
Now, A = 40, T = 200, S = 100, and D = 10, but we also need estimates of H ,
average height of dominants and codominants in the stand, and Dmax, the expected
largest diameter tree in the stand. For site 100, H can be obtained from the
site index curve at age 40. Using Beck's curves (19§2) we find
= 90 feet.
Dmax is calculated from equation 8:
Dmax = 9.38123 + 2.41398(AS/1000) - 0.35928(AT/1000)
= 9.38123 + 2.413989(40)(100/1000) - 0.35928(40)(200/1000)
= 9.38123 + 2.413989(4.00) - 0.35928(8.00)

112

= 9.38123 + 9.65592 - 2.87424
Dmax = 16.16 Inches.
With H = 90 Dmax = 16.16 the average height of a 10-inch tree is found
c
from equation 7 by
Log(H) = Log (90) + 0.01857 - [2.28645 - 0.59146 Log (200)
- 0.64614(100/40) + 2.57302(100/100)1(1/10 - 1/16.16)
= 1.95424 + 0.01857 - [2.28645 - 0.59146(2.30103)
- 0.64614(2.50) + 2.57302(1)1(0.10 - 0.06188)
= 1.95424 + 0.01857 - [2.28645 - 1.36097 - 1.61535
+ 2.573021(0.03812)
= 1.97281 - [1.883151(0.03812)
= 1.97281 - 0.07179
Log(H) = 1.90102
H

= xo1.90102 = 80 feet.

The volume of a 10-inch, 80-foot tree is
V = 0.0025(10)(80) - 0.0028
= 0.0025(8000) - 0.0028
= 20 cubic feet.
And the volume for the 22, 10-inch trees is 440 cubic feet per acre. The
following tabulation shows calculations by diameter class of the total stand.
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D.b.h.
(inches)

Estimated
height
(feet)

Estimated
tree
volume
(cubic feet)

Number
of trees
per acre

Volume
per acre
(cubic feet)

5

52

3.2

11

35

6

60

5.4

22

119

7

66

8.1

26

211

8

71

11.4

27

308

9

76

15.4

25

385

10

80

20.0

22

440

11

83

25.1

20

502

12

86

31.0

16

496

13

88

37.2

13

484

14

90

44.1

10

441

15

92

51.7

6

310

16

94

60.2

2

120

200

3851

Except for rounding errors this estimate is very close to Beck and
Della-Bianca's estimate of 3820 cubic feet from their table 2.
Although this example seems rather tedious, it can be solved quite readily
on a pocket calculator. I have assumed in this example that the diameter
distributions of the 200 trees are known. But if we need to calculate the
distributions using McGee and Della-Bianca's technique, the procedure becomes
practically impossible without at least a small computer. This will prevent
many potential users from adapting this very useful and flexible procedure.
However, microcomputer systems are becoming relatively inexpensive. In the
future, problems of this type will be much easier to solve than at present.
The final example I want to illustrate is the simultaneous growth and yield
equations developed by Beck and Della-Bianca. Let us assume we have just
thinned a 40-year-old stand of yellow-poplar to a residual basal area of 80
square feet; the site index is 100. We want to estimate its current total
cubic-foot yield, its yield in 10 years, and its current basal area and volume^
growth rate. By the variable definitions of equation 13, A1 = 40, A2 - 50, S 100, and B^ = 80.
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Then
Current total stand cubic-foot yield per acre (Eq. 14):
LnY2 = 5.36437 - 101.16298(1/S) - 22.00048(1/A^
+ 0.97116 (Ln
= 5.36437 - 101.16296(1/100) - 22.00048(1/40)
+ 0.97116 (Ln 80)
= 5.36437 - 101.16296(0.01) - 22.00048(0.025)
+ 0.97116(4.38203)
= 5.36437 - 1.01163 - 0.55001 + 4.25565
LnY

= 8.05838

_
Y2 = e

8
„
3
5
.
0
= 2.718288
3
0
5
.

= 3160 cubic feet

Projected total cubic-foot yield per acre at age 50 (Eq. 13)
LnY2 = 5.36437 - 101.16296(1/S) - 22.00048(1/A2)
+ 0.97116(A1/A2)(Ln B ^ + 3.71796(1-A1/A2)
+ 0.01619(S)(1-A1/A2)
= 5.36437 - 101.16296(1/100) - 22.00048(1/50)
+ 0.97116(40/50)(Ln 80) + 3.71796(1-40/50)
+ 0.01619(100)(1-40/50)
= 5.36437 - 101.16296(0.01) - 22.00048(0.02)
+ 0.97116(0.8)(4.38203) + 3.71796(0.2)
+ 0.01619(100)(0.2)
= 5.36437 - 1.01163 - 0.44001 + 3.40452
+ 0.74359 + 0.32380
LnY

= 8.38464

Y2 = e8.38464 = 2.718288.38464 = 4379 cubic feet.
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Current basal area growth per acre per year (Eq. 16):
dB/dA = (B)(l/A1) [3.82837 + 0.01667(S) - (LnB1)]
= 80(1/40) [3.82837 + 0.01667(100) - (Ln80)]
= 2.0[3.82837 + 1.66700 - 4.38203]
= 2.0 [1.11334]
= 2.23 square feet per acre per year.
Current total cubic-voot growth per acre per year (Eq. 17) (recongnize the
y* In the following equation has been calculated and = 3160 cubic feet):
dY/dA = y* [3.71796(1
/
A
1) + 0.01619(S) (1/A1)
- 0.97116(l/A1)(LnB1) + 22.00048(1/A2)]
= 3160 [3.71796(1/40) + 0.01619(100)(1/40)
- 0.97116(1/40)(Ln 80) + 22.00048(1/1600)]
= 3160 [0.09295 + 0.04048 - 0.10639 + 0.01375]
= 3160 [0.04079]
= 129 cubic feet per acre per year.
This section has detailed the steps required to use some of the equations
available for southern hardwood growth and yield. Not every equation was
demonstrated. But all types of equations were presented in detail sufficient to
understand and use much of the growth and yield literature available for the
South.

Summary
The purpose of this paper is to acquaint the Symposium participants with
available models and their use for predicting growth and yield in southern
hardwood stands. Models reviewed were unthinned yellow-poplar mixed bottomland
hardwoods, and mixed southern hardwoods; thinned yellow-poplar, and upland oaks.
Detailed examples are presented that illustrated use of the main model forms.
It is evident from the few models available that much work remains in the
area of southern hardwood growth and yield. Yellow-poplar has been extensively
researched, resulting in much useful information. But this is only one species
out of eight. This same information is needed for other species as well. But
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few species other than yellow-poplar and sweetgum form pure, even-aged stands
that readily conform to the types of stand level models presented by Beck.
The remaining hardwoods most commonly occur in species mixtures. Both
slow- and rapid-growing, low- and high-quaility species often occur side by
side. In these cases stand level models are of limited usefulness. It is
important to know the composition, relative proportion, growth rate, and
relative value of each species or species group in the stand.
Stand level models are still useful in mixed species situations in
estimating total cubic feet or biomass. These can serve as short-term, interim
models until more precise models can be developed.
There is a definite lack of growth and yield information for hardwood
plantations. While the total hardwood plantation acreage is relatively small,
plantation acreages continue to increase annually. But this small area does not
lessen the fact that the need for growth and yield information will be
increasing in the future.
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PREDICTING BIOMASS PRODUCTION IN THE SOUTH

Alexander Clark III
Wood Scientist
Southeastern Forest Experiment Station
Athens, Georgia

Introduction
The commercial forestland base in the United States is decreasing while
demand for forest products is predicted to increase. To meet future demand,
the timber resource is more efficiently harvested and processed where
tree-length logs are removed, whole trees are chipped and, in some
conditions, trees with stump and taproot attached are harvested. Because
of changing harvesting practices, estimates of the volume of the merchantable
stem no longer provide sufficient information for making decisions on the
utilization and management of forest resources. Wood-using industries,
timber owners, forest consultants, and researchers need data for predicting
biomass of trees and stands. This paper reviews methods of predicting forest
biomass, and their application to forest management.
Researchers and practitioners have used tree dimensions to estimate not
only the volume of the saw-log stem but the amount of wood in the total tree
for many years. In 1788, Thomas Jefferson asked Thomas Paine for a procedure
to estimate the amount of wood in a tree (Fonar 1969). After examining the
problem, Paine suggested the flow of sap in tree branches was similar to
water flowing in a fountain and that the mathematical relationship used to
estimate the amount of water in a fountain could be used to estimate the wood
in the stem and branches of a tree. Paine said the amount of wood in a tree
was equal to the volume of a pyramid the height of the tree with the
inclination of the pyramid the diameter at the bottom and at any point on the
tree. Since this early beginning, researchers have used tree dimensions as
predictors of tree biomass. Comprehensive reviews of the biomass literature
(Keays 1971, Stanek and State 1978, Madgwick 1976, Art and Marks 1971, Young
1976, Hitchcock and McDonnell 1979, Tritton and Hombeck 1982) summarize the
many studies conducted to develop species total tree and tree component
biomass equations.
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Terminology
Biomass is defined (Webster 1963) as the amount of living matter— as in
a unit area or volume of habitat. In the eyes of ecologists, foresters
misuse the term biomass since most forestry biomass studies do not include
all living matter in a forest community. The biomass of a tree or stand is
generally measured in weight since it is difficult to measure the volume of a
multitude of limbs, twigs, foliage and roots. Forest biomass is expressed in
both green and dry weight.
Green weight is most commonly used for
inventorying forest stands for marketing of trees and their components by
weight. Dry weight is used when evaluating productivity for pulp and fiber
yields. The weight of trees or stands is often converted to volume, however.
Keays (1971) had difficulty summarizing the forestry biomass literature
because parts of the tree were not uniformly defined among researchers.
Keays (1971) and other researchers (Young 1964, Clark 1979, Saucier 1979, and
McNab 1981) have suggested standard nomenclature for tree components to
facilitate comparison of research results.
Tree Biomass Estimates
Tree weight equations are developed in much the same way as volume
equations. Generally, trees are destructively sampled and the weight of each
component is determined and related by regression to standing tree
dimensions. The development of weight equations, however, is more expensive
because of the cost of weighing the material. A tree's weight is more
difficult to predict because its weight per unit volume can vary with
geographic location, age, size, growth rate, moisture content, specific
gravity, and species.
For estimating total-tree and tree-component biomass, researchers have
used diameter at breast height, total height, height to 4-inch top, diameter
at base of live full crown, height to base of crown, crown length, crown
ratio, form class and other tree dimensions.
The dimensions used for
hundreds of years to predict volume— diameter at breast height and some
measure of height— are the best predictors of above-stump total tree, stem,
and crown weight. Studies in the Southeast have shown that total height,
height to 4-inch top, and saw-log merchantable height are all highly
correlated with total tree, stem and crown weight when used with d.b.h. as
independent variables (Clark 1981).
Since height and d.b.h. are closely correlated in single even—aged
stands, d.b.h. alone can be used to develop local weight equations (Madgwick
1971, Wiant et al. 1977). However, equations developed for wide geographic
application require both d.b.h. and height as independent variables to
predict tree weight accurately (Crow 1978, and Honer 1971).
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Crown weight is more variable and difficult to estimate than total tree
or stem weight. Researchers have examined the relationship of crown weight
to total height, height to 4-inch top, d.b.h., diameter at base of live full
crown, height to base of full crown, crown length, crown width, crown ratio,
and crown class. Most researchers have found diameter at base of live crown
to be the best single predictor of crown weight in both conifers (Storey et
al. 1955, Brown 1971, Ralston 1973) and hardwoods (Storey and Pong 1957,
Phillips and Cost 1979).
Research conducted in the Southeastern United
States agrees with these findings (Clark 1981). However, diameter at base of
live crown has limited application because it is not easily measured on
standing trees (Crow 1971, Loomis et al. 1966).
Limited work has been done on estimating the weight of stumps and roots
because of the difficulty and expense of extracting them. Since equipment
for harvesting stumps and taproots is commercially available (Koch 1975),
accurate weight equations are needed. Recent studies in the Southeast show
that d.b.h. in combination with total height or height to 4-inch top are
highly correlated with stump and taproot weight of loblolly pine (Clark
1981).
The green and dry weight
height can vary significantly
differences occur because of
gravity, stem form, and crown
biomass estimates.

among trees with identical d.b.h. and total
between and within species. These weight
differences in moisture contents, specific
size and should be considered when making

Wood moisture content varies significantly by species. For example,
the moisture content of stem wood averages approximately 118 percent for
sweetgum, 95 percent for pine, 75 percent for oaks and only 46 percent for
ash. Tree moisture content does not, however, vary significantly in the
temperate region with season of the year for pine or most hardwoods except
under high moisture stress conditions (Phillips and Schroeder 1973,
Schroeder and Phillips 1972).
In trees of identical d.b.h. and total height growing in natural
stands there is no significant difference among the four major southern
pine species in the proportion of tree weight in stem and crown material
(Clark and Taras 1976).
In trees of similar size, the proportion of a
tree's weight in wood, bark, and needles is about the same for three of
the four major pines; slash pine has 1 to 4 percent more of its weight in
bark. These data only indicate that the four major southern pine species
have similar form, because there are significant species differences in total
tree and tree component green and dry weight resulting from species
differences in specific gravity and moisture content.
Table 1 shows the predicted total-tree green weight of the four major
southern pines for trees with identical d.b.h. and total height based on
equations developed by Saucier et al. (1981).
Except for the 6-inch
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Table 1.

DBH

Predicted total tree green weight of the four major southern pines
for natural stands in Georgia and percent difference in predicted
weight compared to loblolly pine. (From Saucier et al. 1981)

Total

Abovestump total tree green weight
______________________________________ _

height

Loblolly

Shortleaf

Slash

Longleaf

- Pounds (Percent difference)- •

Inches

Feet

6

50

311

289(—1)

312(0)

321(3)

10

70

1240

1283(3)

1286(3)

1376(11)

14

80

2792

2941(5)

2912(4)

3138(12)

18

90

5201

5516(6)

5437(5)

5874(13)

123

trees, shortleaf and slash are 3 to 6 percent and longleaf up to 13
percent heavier than loblolly trees with the same d.b.h. and total height.
The reasons for these species differences are differences in stem taper,
crown size, specific gravity and moisture content. Stemwood dry weight
per cubic foot average about 29.3 pounds for natural loblolly and
shortleaf, and 33.1 pounds for slash and longleaf (Forest Products
Laboratory 1972).
The dry weight per cubic foot of the four major
southern pines is not consistent across each species range but increases
from north to south by as much as 10 percent. Thus, pines growing in the
southern portion of their range are generally heavier than pines growing
in the northern portion.
For sample, southern pines growing in the
Georgia Coastal Plain are about 7 percent heavier than pines growing in
the Piedmont (Table 2).
There is as much variation from state to state in predicted total tree
green weight within a pine species as there is among the four species.
Loblolly pine trees with identical d.b.h. and total height sampled in
Alabama, Mississippi, and East Texas differed in predicted tree green weight
from trees sampled in Georgia by a maximum of 7 percent (Table 3). Predicted
total tree green weight of shortleaf sampled in Mississippi, Oklahoma, and
East Texas differed by up to 17 percent (Table 4). Predicted total tree
green weight of slash pine based on equations developed in Alabama and
Mississippi are up to 10 percent lighter than the predicted weight of slash
in Georgia (Table 5).
Because of the apparent regional differences in the predicted totaltree weights within a pine species and among the four major species, only
equations developed or verified for the local use should be used to estimate
pine biomass for market transactions.
For southwide regional resource
surveys, general species equations appear to be sufficient.
Total tree green weight of plantation longleaf pine (Baldwin and Saucier
1982) are very similar to estimates for natural longleaf (Clark and Taras
1976) (Table 6). This suggests that green weight equations for natural pine
can be used for estimating the green weight of planted trees when plantation
equations are not available. However, on a dry weight basis, plantation tree
weight will be overestimated by about 10 percent when using equations
developed for natural stands.
This difference occurs because natural and planted pine trees have
different green and dry weight per cubic foot values (Table 7). The green
weight per cubic foot for planted trees is about the same as that for
natural trees because planted trees have higher wood moisture content. On
a dry basis, however, the weight per cubic foot for natural trees is up to
13 percent heavier than that for planted trees because natural pines have
a higher wood specific gravity.
This higher specific gravity occurs
because fast-growing young planted trees have a larger proportion of low
specific gravity juvenile wood than older trees of identical d.b.h. and

124

Table 2.

Predicted total tree abovestump green weight of the major southern
pines growing in the Coastal Plain and Piedmont of Georgia* (From
Saucier et al. 1981)

Coastal Plain
trees

Piedmont
trees

DBH

Total
height

Inches

Feet

6

50

357

331

10

70

1336

1247

14

80

2970

2776

7

18

90

5507

5150

7

- - - - - -

Difference

Percent

Pounds - - - - -

8
7
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Table 3.

Predicted total tree abovestump green weight of loblolly pine based
on equations developed in Georgia, Alabama, Mississippi, and East
Texas and differences in predicted weight compared to the equation
developed in Georgia.

Location of trees sampled and source

DBH

Total
height

Georgia
(Saucier
et al. 1981)

Alabama
(Taras and
Clark 1975)

Mississippi
(Nelson and
Switzer 1975)

East Texas
(Lenhart
et al. 1980)

Inches

Feet

6

50

311

301(-3)

332(7)

299(-4)

10

70

1240

1177(-5)

1222(-1)

1171(-6)

14

80

2792

2646(-5)

2784(0)

2625(-6)

18

90

5201

4933(-3)

5189(0)

4885(-6)

Pounds (percent difference) - -
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Table 4.

Predicted total tree abovestump green weight of shortleaf pine
based on equations developed in Georgia, Mississippi, Oklahoma and
East Texas and differences in predicted weight compared to the
equation developed in Georgia.

Location of trees sampled and source

DBH

Total
height

Inches

Feet

Georgia
(Saucier
et al. 1981)

Mississippi
(Clark and
Taras 1976)

Oklahoma
(Matney
1977)

East Texas
(Lenhart
et al. 1980;

- Pounds (percent difference)

6

50

289

272(-6)

319(10)

338(17)

10

70

1283

1243(-3)

1230(-4)

1351 (5)

14

80

2941

3066 (4)

2751(-6)

2875(-2)

18

90

5516

6139(11)

5113(-7)

5242(-5)
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Table 5.

Predicted total tree abovestump green weight of slash pine based on
equations developed in Georgia, Alabama and Mississippi and
differences in predicted weight compared to the equation developed
in Georgia.

Location of trees sampled and source

DBH

Total
height

Inches

Feet

Georgia
(Saucier
et al. 1981)

Alabama
(Taras &
Phillips 1978)

Mississippi
(Sullivan &
Matney 1980)

Pounds (percent difference)

6

50

312

297(-5)

309 (-1)

10

70

1286

1202(-7)

1192 (-7)

14

80

2912

2760(-5)

2654 (-9)

18

90

5437

5229(-4)

4915(-10)
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Table 6.

DBH

Inches

Comparison of predicted longleaf pine total tree abovestump green
and dry weight using equations developed for planted longleaf in
Louisiana (Baldwin and Saucier 1982) and natural longleaf in
Alabama (Taras and Clark 1976).

Total
height

Natural
trees

Planted
trees

Percent

Pounds

Feet

Difference

Green
6

50

360

346

4

10

70

1373

1331

3

14

80

3037

2962

2

18

90

5594

5482

2

Dry
6

50

166

184

11

10

70

654

720

10

14

80

1476

1616

9

18

90

2761

3009
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Table 7.

Comparison of natural and planted longleaf and loblolly pine total
tree wood weight per cubic foot.

Total tree wood weight per cubic foot
Species

Planted

- - - - - -

Natural

Pounds

Difference

Percent
Green

Longleaf— ^1

65

63

3

Loblolly^2

61

59

3

Dry
Longleaf— ^1

31

34

9

Loblolly^-2

26

30

13

1 Planted longleaf published by Baldwin and Saucier (1982); Natural longleaf
published by Clark and Taras (1976).

2/

— Planted loblolly unpublished (Clark and Phillips); Natural loblolly published
by Taras and Clark (1975).
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total height growing in natural stands (Zobel et al. 1959). Thus, natural
pine equations should not be applied to planted trees when estimating dry
weights.
Figure 1 compares total-tree green weights of selected southern hardwood
species. The curves indicate that the species plotted can be grouped into
two classes. The hard hardwood species, including the oaks and hickories are
heavy woods and the soft hardwoods, the gums, red maples, yellow-poplar, and
water tupelo the lighter species. These species differences which can be as
much as 70 percent for similar size trees occur because of differences in
specific gravity, moisture content, stem taper, and crown size.
The southern soft hardwoods generally have average wood specific
gravities ranging from .30 to .52 and the hard hardwoods .53 to .80. The
average green weight of stem wood and bark per cubic foot of wood for soft
hardwoods generally ranges from 60 to 72 pounds. One exception is ash
which is generally classed as a hard hardwood because of its specific
gravity but because of its low moisture content has a green weight of wood
and bark per cubic foot of wood of about 61 pounds.
The soft hardwoods and hard hardwoods also have different crown forms.
The soft hardwoods generally have excurrent branching where the main stem, or
terminal bud, outgrows the lateral branches, resulting in cone-shaped crowns.
The hard hardwoods generally have deliquescent branching with lateral
branches growing almost as fast as the terminal stem and the central stem
becoming lost in the upper crown. Because of these branching differences,
hard hardwoods have a higher proportion of crown biomass (Clark 1978).
Statistical comparisons of hardwood biomass equations, such as those
reported by Jacobs and Monteith (1981) for hardwoods in West Virginia and
New York, have not been published for hardwoods sampled at different
locations across the South.
Predicted total tree green weight for
sweetgum and southern red oak trees with identical d.b.h. and total height
estimated using equations developed at different locations across the
South are shown in Tables 8 and 9, respectively.
Visual comparison of
these predicted weights illustrates the large variation that exists among
hardwood species biomass prediction equations. Thus, it is obvious that
when estimating hardwood tree biomass for marketing purposes, locally
developed or locally tested species equations should be used.
These
general species equations should be sufficient, however, for regional
forest inventories.
When cruising timber for marketing, it is not always practical to tally
all hardwood species encountered. As a minimum, hardwoods should be tallied
by two species group— hard hardwoods and soft hardwoods— using appropriate
locally tested hard hardwood and soft hardwood biomass equations to estimate
tree biomass.

(LBS)

WEIGHT

TREE

TOTAL

Figure

1.

Predicted total tree above-stump green weight of selected southern
with identical d.b.h. and total height plotted over d.b.h.

hardwood

species
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Table 8.

Predicted total tree— abovestump green weight of sweetgum based on
equations developed from trees sampled broadly in the Coastal Plain
compared to locally developed sweetgum equations in Alabama,
Mississippi, and East Texas.

Location of trees sampled and source

DBH

Total
height

Alabama
(Sirois
1982)

Coastal Plain
(Clark et al.
1982)

Mississippi
(Sullivan &
Matney 1980)

East Texas
(Lenhart
et al. 1980)

• - Pounds (percent difference) -

Inches

Feet

6

50

284

258 (-9)

10

70

1124

14

80

18

90

(6)

260(-8)

1005(-11)

1001(-11)

1019(-9)

2543

2252(-11)— 2

2379 (-6)

2332(-8)

4765

4187(-12)— ^2

4304(-10)

4327(-9)

1 ^Excludes foliage.

2/
— Extrapolated past range of data.
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Table 9.

Predicted total tree— abovestump green weight of southern red oak
based on equations developed from trees sampled in Tennessee,
Alabama, Oklahoma and East Texas and differences in predicted weight
compared to the Tennessee sample trees.

Location of trees sampled and source

Total
DBH

Tennessee
height

Oklahoma
(Sirois
1982)

Alabama
(Clark et al.
1982)

East Texas
(Matney
1977)

(Lenhart
et al. 1980)

Pounds (percent difference) -

Inches

Feet

6

50

277

362(31)

357(29)

10

70

1256

1409(12)

1380(10)

1119(—11)

14

80

3081

2/
3157 (2)-

3088 (0)

2492(-10)

18

90

6145

2/
5871(-4)-

5740(—7)

4624(-25)

— Excludes foliage.
—2 /Extrapolated past range of data.

296

(7)
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To apply the existing total tree and tree component species biomass
equations that have been developed in the South to forest cruise data by hand
is complicated and time consuming. Thus, a computer program is available for
estimating total tree, saw log, pulpwood, firewood, and crown biomass from
standard tree cruise data using these equations. This program, called the
Total Tree Biomass Cruise Program (Clark and Field 1981), is an
interactive program which permits the forester to enter cruise data into
the computer and receive per acre and per tract biomass estimates in tons,
cords, and units.
Stand Biomass Estimates
To utilize individual tree biomass equations to estimate stand biomass,
it is necessary to tally trees by d.b.h. and height which is time consuming
and costly. When quick estimates of stand biomass are needed, biomass basal
area factors can be used. To apply these factors the forester cruises the
stand using a 10-factor prism to determine the average number of tally trees
per acre by sapling, pulpwood, and sawtimber tree classes or by d.b.h.
classes and species groups. The average tree counts for each class are then
multiplied by the appropriate biomass factor for that class and the products
summed to get an estimate of biomass per acre.
Biomass factors for converting prism cruise tallies to tons of biomass
per acre for the total tree and tree components have been developed by Hughes
(1978) for natural southern pine and hardwoods in Louisiana.
Tests of
Hughes' factors gave generally acceptable estimates, but all of the estimates
were high in Georgia, suggesting the need for locally developed factors
(Phillips and Saucier 1981).
When forest managers do not have on-site cruise data from which to make
biomass estimates for general planning purposes, biomass stand tables can be
used. Biomass stand tables are now available which show total tree and tree
component green and dry weight per acre by site, age and basal area for
hardwoods in the Southeast (Gardner et al. 1982).
To meet the need for state, regional, and national tree biomass
statistics for planning on public and private lands, a series of tables which
summarize aboveground total-tree biomass by tree size and species group for
states, regions and the Nation have recently been published (Bones et al.
1981, McClure et al. 1981). The regional and state biomass estimates were
made for the Eastern United States and Alaska by applying existing tree
weight equations to stand tables from the most recent state forest
inventories. Estimates for the remainder of the country were made by using a
series of conversion factors to estimate tree weight from merchantable bole
volumes. In the South the average green weight of above-ground total tree
biomass per acre ranged from 55.2 tons in Florida to 88.7 tons in Arkansas
and averaged 76.2 tons per acre on commercial forestlands. In the United
States average total tree biomass per acre ranged from only 34.8 tons in New
Mexico to 176.4 tons in Coastal Alaska.
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Summary
Increasing harvesting and processing costs, decreasing tree sizes, and
increasing competition for wood for fiber and fuel have focused attention of
forest managers to the need for increasing our wood supply by utilizing more
of the total tree. Forest management and utilization decisions in the future
will be concerned with the biomass of the total tree. Thus, foresters will
need accurate biomass estimates.
Some general guidelines to follow when
making these estimates are:
1.

Biomass estimates for marketing purposes should be made using only
locally developed or locally tested species equations because of
site and geographic differences in equations.

2.

General species biomass equations are sufficient for regional
biomass inventories.

3.

When plantation pine biomass equations are not available, natural
pine equations may give acceptable total tree green weight estimates
but will not provide acceptable dry weight estimates.

4.

When cruising mixed hardwood stands, trees should be tallied in a
minimum of two groups— hard hardwoods and soft hardwoods for biomass
estimation.

5.

When developing total tree and tree component biomass equations,
both d.b.h. and some measure of height (total tree, stem to 4-inch
top, or saw-log height) should be used as independent variables thus
making the equations more responsive to changes in height when
applied to different locations.

6.

When quick estimates of stand biomass are needed, biomass basal area
factors can provide acceptable estimates when applied to stands
similar to the stands sampled for factor development.
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ROLE OF THE SOUTHERN FOREST SURVEY
IN GROWTH AND YIELD MODELING:
CURRENT EFFORTS

Charles E. Thomas
Research Forester
Southern Forest Experiment Station
New Orleans, LA

Introduction
Work on the Southern Forest Survey began in 1931 under the authorization
of the McSweeny - McNary Forest Research Act of 1928. The objectives of the
survey were to (1) make an inventory of standing timber suitable for all wood
products; (2) determine the rate of growth of the timber supply; (3) determine
the rate of depletion of timber due to removals and mortality; and (4) relate
these findings to the long-term economic development of the U.S. forest
products industry. By the early 1970's, the forest survey was capable of
making accurate estimates of forest resource changes at a resource unit level
within a state and reasonable estimates for smaller groups of counties. The
periodic timber assessment still provides the most useful resource data to
state and local planners, forest industry, private landowners and others
concerned with economic development based on forest products.
The passage of the Forest and Rangeland Renewable Resources Planning Act
(RPA) of 1974 resulted in a new direction for the forest survey. The act
mandated periodic assessments of the nation's renewable forest and range
resources, and the development of a long-range program to assure an adequate
supply of forest and range resources in the future, while maintaining the
integrity and quality of the environment. The RPA directed the Forest Service
to gather information on all renewable forest and range resources, including
wildlife, forage, recreation, timber, water and wilderness.
Despite expanded information requirements, the basic inventory objectives
are to produce reliable estimates of the forest area, the species composition,
the timber volume, and the elements of change. Most of the current survey
change issues involve the impact of human activity on the forest resource.
Land clearing and reversion to forest, i.e., land use changes, continue to
exert dominating influences on the resource base.
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In the most recently completed inventory (1980) of 12.9 million acres of
forested land in Tennessee, 1 million acres of previously forested land moved
to nonforest use and 1 million acres of former agricultural and other lands
moved back into forest status. The continuing demographic shift from the
industrial centers of the north and northeast will continue to fuel shifts from
forest to nonforest land uses.
Elements of growth (growth, cut, and mortality) are most important in
determining change on continuously forested areas. The Midsouth forest survey
is designed specifically to maintain continuity with the past for making
accurate assessments of change. A major re-survey for each state is conducted
on a 10-year cycle. Field survey plots are located at the intersections of a 3
mile grid. Survey foresters install or remeasure a cluster of sample points
representing approximately one acre. At each point the cruiser tallies and
identifies all trees 5 inches and larger at breast height which fall within the
limiting distance of a basal area 37.5 factor prism. On a subset of points a
fixed area plot is installed and trees less than 5 inches in diameter are
located and recorded.
The measurements of fixed and variable points are
necessary to allow estimates of survivor growth, merchantable ingrowth, cut and
mortality.
The role of the survey in current growth and yield efforts has definite
limits.
Practically speaking, survey plots will never give the detail
necessary for modelling growth and yield on intensively managed even-aged pine
plantations. Site index is poorly estimated, age classes of stands are too
rough. Field survey locations are at the intersections of a grid of lines
three miles apart. They consist of a cluster of horizontal point samples.
This means that the usual ideal for selection of growth and yield plots is
rather badly violated.
On the other hand it avoids some of the possible
statistical objections which might be directed at growth and yield plots which
have been purposely selected. When we look at the area statistics for the
Midsouth, we find that between 75 and 80 percent of the forested acreage is not
even-aged pine (plantation or otherwise). The survey offers some hope for the
modelling of growth and yield on this large segment of the forest.
The
detailed information required is not as intensive as for the pure pine. Yet
the effort necessary to model the growth and yield of all-age — perhaps
multi-species stands — is more complex than for even aged stands of pure pine.
Current survey efforts to refine the estimates of growth on permanent point
sampled locations may provide data for the task of modelling periodic growth
and yield from the large areas which are not intensively managed.
The following sections of this paper document the current efforts to
obtain the best estimates of growth and yield on established forest survey
locations. The objective of the survey is to incorporate these results in a
multi-species model for yield projection.
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Growth Estimation
Many foresters hesitate to use variable plot sampling on a permanent
sample installation. There are a number of horror stories about the results of
resurveys using remeasured prism plots. The system does have some messy
mathematics associated with it and there seems to be a number of problems with
field work, which may not be addressed at the initial inventory and which come
back to haunt the user when a reinventory in undertaken (lies 1981).
Over the past 25 years since the introduction of variable plot sampling in
forestry in the form of prism sampling, researchers have accumulated a good
edge bias, and merchantable ingrowth problems have produced efficient
procedures for prism plots. The Forest Survey provides for identification of
trees from one survey to the next. Special provisions are made to identify
merchantable ingrowth trees. Measurements on fixed and variable points are
necessary to allow estimates of survivor growth, merchantable ingrowth, cut and
mortality. Have we adequately solved these problems? I think so, at least as
well as the fixed plot alternatives for estimating the same quantities.
Reinventory of Permanent Point Samples
A recent article by Martin (1981) covers in some detail the developments
outlined above. The volume representation of a tree or category of trees
sampled using a prism or angle gauge technique is given by:
vol/acre = FΣ(voli/bai)
where F is the basal area factor, and vol. and ba. are the volume and basal
area of the sampled trees. At the first inventroy all live trees larger than a
minimum merchantability standard are measured. At the second measurement a
minimum of 5 categories of trees are necessary to obtain growth estimates.
These categories are 1) ingrowth trees, trees which grow across a
merchantability threshold during the interval between measurements.
2)
survivor trees, those trees present at both inventories 3) cut trees, trees
accounted for at the first inventory, but removed at the second occasion, 4)
mortality trees, live trees from the first measurement which die prior to
remeasurement, and 5) ongrowth trees.
The fifth category has a subcategory included. Ongrowth trees are those
trees which are out at the first inventory, but appear in the sample on
remeasurement. It is necessary to identify a subcategory of trees which are
below minimum dbh at the first inventory, and "out" but are above minimum dbh
and "in" at the second inventory.
The following notation is used to
distinguish categories of trees used to compute growth:
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1 =' volume obtained from final volume and basal area
of ingrowth trees
S1 = volume from initial volumes and basal areas of
survivors
2 = volume from final volumes and basal areas of
survivors
s'2 = volume from final volume, and initial basal area of survivor trees
m = mortality volume from initial volume and basal area
c = cut volume from initial volume and basal area
o = final volume and basal area for ongrowth trees
0* = ongrowth trees which represent new trees not previously
tallied due to merchantability
where 0* is the subset of ongrowth trees which would have appeared in the
non-merchantable class at the last inventory.
(The survey uses those trees
which have distance from the point center less than 7.1 ft, i.e., trees whose
limiting distance at the last inventory places them in the merchantable
ingrowth category). It should be noted that I differentiate ingrowth-nongrowth
differently than did Martin. Computations which involve ingrowth and ongrowth
must be handled very carefully.
The first method for estimating growth from permanent sample points is to
return to the same point and again estimate the total volume at the point using
the same method as in the initial inventory.
The growth is the simple
difference of the two estimates divided by the time period. This method was
suggested very early in the development of point sampling by Dr. Bitterlich
(1952). This leads to what has recently been termed "compatible" estimates
(Flewelling 1980, Flewelling and Thomas (in press)), meaning only that the
effects of changing plot size are not isolated. Net increase is actually
estimated. In order to obtain net growth, an estimate of plot removals must be
available.
Theoreticians have been concerned about the variance of this
estimator. There is a definite discontinuous aspect to the estimator due to
the 'sudden' appearance of a tree on the resurveyed plot, but this should not
eliminate the estimator from consideration.
Volume at time 1 is estimated by V^ = s^, while the volume at time 2 is
given by V = s. + o. Net increase between surveys is expressed simply as V =
V
^
1

2

The second (and probably most widely applied) method for estimating change
was proposed by Beers and Miller (1964) following suggestions of Grosenbaugh
(1958). The problem of changing plot sizes was avoided by stabilizing plot
size at time 1, the initial inventory, and measuring the relative change in
volume of the individual tree over the measurement period. A special case was
encountered, ingrowth trees (trees smaller than merchantable size at time 1,
but subsequently growing into the merchantable size). Two solutions were
proposed and tested, and an unbiased estimator developed by Beers has generally
been adopted.
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Fundamental elements of forest growth include: Ingrowth (I), the end of
growth period volume of trees growing into merchantable size class during the
period; survivor growth (S), the increase in volume of trees present at both
inventories; mortality (M), and cut (C), the beginning volumes of trees which
are cut or die during the period. The difference between volumes at time 1 and
2,
V^, is called net increase and is given by the following parameters:
V2 - V l = I + S - M - C

(1)

where all values are expressed on a unit area basis.

Unbiased estimates of values on the right of equation 1 may be obtained
from application of the field techniques and computational methods given in
Beers and Miller (1964). The estimates are:

S = s'2 - Sj^

C = c

M=m

I=i+o*

Estimates of current and past volumes, V. and
> are also unbiased. Even
though all the individual growth elements are unbiased the equality in equation
(1) is not generally true for individual resurveyed point sample locations. On
the average, however, the two sides are equal when 'sufficient' samples are
available. Indeed it may be shown that
E(V2 ~ m | = E(S + I - M - C).

(2)

where E represents the expectation or average operator.
Estimates from the left and right hand side of the above arise from two
distinct sets of trees in the case of basal area change. While there is a
significant overlap in the trees which go into the estimates for growth in
volume they remain sufficiently independent to expect the estimators to be
relatively independent. This assumption, which must eventually be tested,
means that a relatively simple expression for the joint estimation of growth
may be derived.
Combined Estimation
In a recent paper (Burk et al. 1981) presented at the In Place Resources
Inventories Workshop held in Orono, ME, a straight forward weighting procedure
for combining estimates is developed. The general form of the estimator is:

y*= (w)yL + (1 - w)y2

(3)

The equation is a linear composite of y 1 and y2 where the coefficients applied
to the two components are defined by a single weighting constant, w. Burk and
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company present equations which estimate the relative goodness of the combined
estimator in terms of mean squared error. From this they derive the optimal
composite estimator weight found by minimizing the mean square equation with
respect to w. Figure 1 illustrates graphically the performance of a composite
weight that varies from 0 to 1 for combining two estimators having relative
variances in a ratio of 2:1. Notice that the minimum occurs closer to the
single estimator which has the smaller variance of the two. Also note the
largest gains for a composite estimator arise when the relative variances are
equal or very nearly so.
If the variance of the two estimators is known or can be computed and the
two estimators are independent, a relatively simple expression for computing w
is given by:
w = var(y2) / (var(y2) + var(y1 )

(4)

There are two assumptions: (1) y2 is the more variable of the two estimators
and (2) the two estimators are independent.
A slightly more involved
expression is required if the estimators are not independent.
The composite estimator has been tested on survey plots in both Louisiana
and Oklahoma during recent midcycle survey updates. Field work was completed
in 1980, and 1981, respectively. Table 1 presents results based on the most
recent survey of Oklahoma. Each of the estimators arrives at practically the
same average per acre growth. A simple t-test corroborates their equality for
each of the three unit examples. What has changed is that the individual point
estimates are now less subject to variation due to the sampling procedure with
which it is associated. This implies that fewer locations need be combined to
arrive at usable growth estimates. In Oklahoma, Beers' growth estimator was Y.
and the compatible estimator was Y2>
It may be necessary to observe that the standard error of estimate is the
sample estimate and not the relative sampling error of the estimator.
Flewelling (in Flewelling and Thomas, in press) reports simulation of estimator
performance.
What has all this to do with growth and yield?
In the South, the
proclaimed future wood basket of the world, growth rates of non-plantation,
non-pine sites are poorly known. Yet there is an abundance of non-plantation,
non-pine forests. The latest information on the Gulf South indicates that 80
percent of the region's forest land is in this category. Even after we account
for the rapid growth rate and short rotation of our southern pine we must
eventually come to the conclusion that there is a great underutilized potential
in this remaining 80 percent of the resource.
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Figure 1. Performance of weighted estimator y* as evaluated by its mean
squared error with varions w. The w* indicates 'optimum' w.
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Table 1.

Growth estimates for survey units in Eastern Oklahoma.

Estimator

Locations

Cubic feet/acre/yr

S.e.e. -

Southeast Unit
Softwoods
Beers (y.)
Bitterlich (y.)
Composite (y*J

40
40
40

32.5
34.2
33.1

4.0
5.1
4.3

Southeast Unit
Hardwoods
Beers (y.)
Bitterlich (y„)
Composite (y * )

57
57
57

19.6
19.1
19.4

4.3
4.9
4.3

Northeast Unit
Hardwoods
Beers (y )
Bitterlich (y„)
Composite (y*j

21
21
21

31.6
30.3
31.1

4.3
5.3
4.5

—

Standard error of the estimate
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The research that has been accomplished on improving the estimation of
growth rates should lead us to a more accurate assessment of the potential
yield on land managed at the 'custodial' level. Future surveys will continue
to
provide accurate yield estimates to track the performance of this segment
of the Southern forest resource at efficient cost levels.
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PREDICTING GROWTH AND YIELD IN THE MID-SOUTH:
WHERE DO WE GO FROM HERE?-

Alfred D. Sullivan
Department of Forestry
Mississippi Agricultural and Forestry Experiment Station
Mississippi State University
Mississippi State, Mississippi

Introduction
Predicting growth and yield of forest stands is a central issue in
forestry.
It is impossible to make good decisions and plan adequately
without reliable estimates of productivity for alternative forest types and
management strategies. The need for accurate growth and yield information in
the South is more critical than ever. As timber removals in some areas are
approaching growth, the margin for error in planning is rapidly diminishing.
The preceding speakers are extremely well-qualified to address the theme
of this symposium, and have given us a lot of helpful information. As the
final speaker, I was assigned the objective of reviewing areas in which
future efforts may be applied. To do that, I will address four major topics.
The first is a quick review of the state of the art in modeling. Second will
be a review of model availability. This will be essentially a summary of
earlier presentations by other speakers. A comparison of the state of the
art with model availability will show obvious gaps and suggest some
directions for future efforts. Third, I will discuss the current research
picture and some of the problems impeding greater progress. Finally, I will
close by raising some questions about the impact of all the foregoing on
forestry education.
State of the Art in Modeling
The state-of-the-art in modeling has indeed come a long way since the
early days of forestry in the South.
Some of this progress is due to
scientific developments in quantitative areas, and some has been made
possible by technological developments associated with computing. The

—
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following brief review is designed to provide a perspective on modern
methods, and is not intended to be exhaustive.
The first tools employed to predict yields in southern forests were the
"normal yield tables" which gave estimates of yields for various combinations
of age and site quality for fully stocked stands. The U.S. Forest Service's
Miscellaneous Publication 50 USDA (1929) published in 1929, is a classic
example.
The next major step was development of "variable density yield tables,"
which treated density as a third independent variable (in addition to age and
site quality). Such yield tables covered more realistic situations without
the necessity of "adjustments" for less than ideal or "normal" density.
MacKinney and Chaiken (1939) published the first variable density yield
tables of loblolly pine in 1939.
While there have been many additional innovations, the one most
noteworthy for my present purpose was the development of "diameter
distribution yield tables." This approach, based on a predicted stand table,
was first reported in a 1965 publication by Clutter and Bennett (1965). Such
a yield prediction system requires only overall stand values as input (age,
site quality, density), yet provides detailed information about the stand
configuration. Obviously this is a powerful tool for forest management and
planning, and represents significant progress since the days of normal yield
tables.
In addition to this mainstream of progress from normal yield tables to
variable density yield tables to diameter distribution yield tables, there
have been other important refinements and additions. Foremost among these is
the development of methods to model the effects of thinning. Contributions
in this area have been made by Clutter and Allison (1974), Daniels and
Burkhart (1975), Clutter and Jones (1980), and Matney and Sullivan (1982).
Taper functions, which predict the diameter of individual trees at any
height, are another new tool which enables us to project the configuration of
wood in a stand. Taken together with a predicted diameter distribution and
an equation describing the height-diameter relationship, taper functions are
the final element to provide a complete estimated profile of a forest stand.
Bennett and Swindel (1972) did early work in the area and published taper
equations for plantation grown slash pine.
The logical product of the aforementioned tools is a multiple product
yield prediction system. With the taper equations and a height defining
function, it is relatively easy to estimate, for example, the veneer volume,
number of studs from cores, and residual pulpwood volume for a tree of given
diameter. The diameter distribution yield system provides an estimate of
numbers of trees by diameter classes, making it possible to estimate the
amount of various products on an area basis.
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In this abbreviated review, one more new direction be will mentioned. A
considerable amount of work is being done in the area of biomass prediction.
Alex Clark has just summarized the status of this work in the South. For
most purposes, "biomass prediction" can be translated to "weight prediction."
These studies produce equations which allow estimation of weights of various
components (main stem, branches, foliage, etc.) of the tree. Both green and
dry weight equations are given for many components.
Model Availability
Present Situation
With that look at
consideration of model
several speakers, each
that is needed here is

the state-of-the-art in modeling behind, let's turn to
availability. We have had detailed presentations by
dealing with a specific forest composition, so all
a brief restatement of related information.

Tom Dell discussed predicting growth and yield in pine plantations.
Clearly, this is the "best" situation in terms of sheer volume of information
and of comprehensive coverage. All of the "new" tools have been applied to
plantations.
Within the plantations, we have extensive information for
prepared sites. We have a great deal more information for unthinned stands
than for thinned. Regarding species, there is a lot of published information
for loblolly, a good bit for slash, but very little (and only in restricted
circumstances) for shortleaf and longleaf.
Although the picture is not entirely rosy for plantations, as soon as we
move away from them, things are less rosy. There is a lot less information
on natural stands, though they cover a more extensive area. Of course, for
the most part, natural stands are much less intensively managed.
Natural pine stands have been discussed by Paul Murphy and Bob Farrar.
For even—aged natural stands, Bob pointed out that we have a fair amount of
published information. However, the coverage is not very comprehensive.
There are systems available for thinned and unthinned stands, but they
provide only lump-sum estimates of volumes, which do not facilitate
predictions of size classes or of individual products. The one exception to
this latter statement is work by Schreuder et al. (1979) for unthinned
natural stands of even-aged slash pine.
Paul's presentation makes clear that we are not this well-off in dealing
with uneven-aged natural stands. Most of the published information is based
on what we call "point studies"; that is, studies that are restricted to a
narrow geographic area or a narrow set of stand characteristics (e.g., age,
site, or density). The research is also restricted to the loblolly-shortleaf
type. The most comprehensive system available is the one Paul presented.
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Turning to southern hardwoods, we again face a situation of scanty
information, as reported by Bryce Schlaegel. The one bright spot is
information on yellow poplar (only one of 80 commercial hardwood species).
A good bit of work has been done on this species, and diameter distribution
prediction systems are available. However, the only other hardwood species
with simialr tree and stand characteristics is sweetgum, so much of this work
(on yellow poplar) can not be the basis of similar work for other species.
The only published information for mixed bottomland hardwood stands is
that by Smith et al. (1975). Bryce pointed out that this publication has
recently been revised.
Currently, John Hodges and Tom Matney at Mississippi State are working
with me to develop variable denisty yield tables for red oak-sweetgum stands.
We are receiving support for this work from the U.S. Forest Service's
Southern Hardwoods Laboratory. The red oak-sweetgum type was chosen because
of its economic importance and widespread occurrence in both major and minor
stream bottoms.
Ultimately, it will be desirable to develop more
sophisticated models as data become available. The variable density yield
table are an interim measure that will be helpful in the management of these
stands.
There is only sparse information on hardwood plantations.
We have
publications available for cottonwood, sweetgum, ash, and sycamore, but once
again, these are derived from "point studies." No comprehensive systems
similar to those for pine plantations exist.
Summary of Present Situation
In summary, three trends are apparent:
1.
2.
3.

There is more information on "simple" stand structures.
There is more information on "important" forest types.
There is less information on newer cultural and management
practices.

I believe that none of this is surprising and that the explanaton of
each point is pretty obvious.
Suggested Future Efforts
By comparing the state of the art with availability we Can see obvious
areas for future research efforts. I believe that research efforts will move
into these "voids," though real-world pressures will continue to encourage
work in the areas suggested by the summary above.
Future efforts will be made in refining modeling techniques and
extending coverage to more species and management situations.
I do not
believe that a lotof the model refinements are going to be very obvious to
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users. Present systems are already capable of prediction about as complete a
profile of a forest stand as we can imagine needing. The refinements will
have more to do with the accuracy and flexibility of predictions than with
their ultimate appearance to a user. What will be obvious, of course, is the
extension of predictions to situations not presently covered.
From a conceptual standpoint, probably the greatest amount of effort in
the near future will be put on modeling response to thinning. As noted
previously, recent advances have been made. But because of the importance of
thinning in forest management, researchers will continue to be intrigued by
the search for accurate and flexible models.
Other conceptual efforts will deal with the broad issue of connections
between stand-level predictions and individual tree information. It will be
feasible to link aggregate stand-level models with individual tree models.
Productive work will also continue on recovery of diameter distributions from
stand models.
From a more logistical standpoint, future research efforts will continue
to acquire new data bases for analysis. This is always a real problem in our
work. There are two principal reasons. First, development of good data
bases is a long-term process that is very expensive and time consuming. This
is one of the reasons why cooperative efforts of researchers and users are
being proposed. Second, the data we need is often not yet attainable. For
example, right now there are few, if any, very old plantations on prepared
sites. That makes it difficult to model what is going to happen towards the
end of reasonable rotation lengths. To some extent, this problem will always
be with us— the data we have often represent a somewhat obsolete situation.
There are presently major efforts underway to acquire data for loblolly
plantations on prepared sites. Cooperatives based at Virginia Tech, the
University of Georgia, and Mississippi State are active. Results will be
available in the near future.
Efforts in both modeling and data collection will continue on effects of
site preparation and other factors, including genetic improvement and
fertilization. Modelers will attempt to identify the components of their
models that can explain these effects.
Perhaps minor modifications to
survival and height and diameter growth modules will make it possible to
extend existing prediction systems to new situations.
Another area of interest is incorporating the influence of fusiform rust
into existing models. Tom Dell and Warren Nance have done some preliminary
work in this area and have promising results.
Other work will look into the influence of the nonpine component of pine
plantations on growth and yield. One concern is the hardwood component
present in many pine plantations. But there is also concern about the effect
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on growth of all nontimber vegetation, often labeled "brush." Modelers will
investigate quantifying the effects of applying brush control chemicals and
the use of prescribed fire.
There will be increasing calls for models to predict the consequences of
integrated forest resource management— water, wildlife, and grazing as well
as timber. Attempts will be made to predict the amount and quality of woody
understory and herbaceous cover in various forest compositions.
Finally, I see continued investigation and debate on the desirability of
"regional models." Can one prediction system adequately serve, for example,
loblolly pine plantations on prepared sites throughout their range? The
ultimate answer to that question will be determined by users. My guess is
that some users will go one way and others will go the other way. Large
companies with lands throughout the range seem to be much more interested in
having a single model than companies with a land base more geographically
restricted.
I believe that one system might serve pretty well for the region. But
it seems clear to me that we could then divide the region into subregions and
develop refined systems that would be better in their respective areas. The
only thing I'm sure of is that the debate will continue.
Perhaps the
situation parallels that of the "lumpers" and the "splitters" in taxonomy.
Impact of Improved Computing Power
Most of these modern models are indeed complex as well as flexible. So
much so that it is impossible to adequately summarize their power in a few
(or even many) simple tables as used to be the case. It is common practice
for many prediction systems to be set up as interactive computer models.
This trend will continue.
We have certainly come a long way in a short time with computer power.
As I was preparing for this presentation, I thought of the fact that I would
be speaking only a few hundred yards from the spot where I ran my first
computer program 16 years ago. I had analyzed one feeding trial out of the
eight that were part of my master's thesis research.
One-eighth of my
analysis had taken me three days with a state of the art mechanical
calculator (which cost $1800.00 in 1966!). And this was only one pass
through the numbers— what if I had made a "simple" mistake somewhere! Being
lazy, I learned to program the computer and reran this feeding trial
analysis.
It took the IBM 1620 twenty minutes to do the calculations.
Today's machines would do it in a few seconds. Needless to say, the other
seven feeding trails were easily completed.
Tommorrow's computers will be even faster, smaller, smarter and cheaper.
All of this will facilitate the use of flexible, helpful growth and yield
prediction systems. It will be feasible to put even "gigantic" growth and
yield models on small, portable computers. Foresters will increasingly turn
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to a terminal or minicomputer for the answer to a growth and yield question
rather than to a book of tables.
Current Research Picture
In reviewing current research on growth and yield in the mid-South, an
excellent source of information is the discussion that took place at the
Southern Industrial Forestry Research Council's (SIFRC) Southern Pine
Plantation Growth and Yield Review and Coordination Conference. This meeting
was held in Atlanta last September and was attended by many people present at
this symposium. Also, earlier presentations here give us a picture of
current research efforts.
Let us consider efforts at universities first. The major thing I
realized from the SIFRC meeting was how little growth and yield research is
being done at mid-South forestry schools. Most schools have no more than one
staff person in this subject area. And since these researchers also have
teaching responsibilities, to say nothing of the myriad of other tasks that
befall faculty members, this means that most schools do not have the
equivalent of one full-time person engaged in growth and yield research. It
is sobering for me to measure this effort against the value of the resource
and the importance of accurate predictions of its growth potential.
With this staffing situation, then, it is not surprising that there are
not many extensive research projects nor broad data collection efforts
underway at the schools. Most schools did report, however, that they have a
keen interest in this subject and hope to expand work.
Sam Gingrich compiled a list of current growth and yield research
projects in southern pine plantations at the Southern and Southeastern Forest
Experiment Stations for the SIFRC meeting. His summary (Gingrich 1981) of
the situation reveals decreases in the emphasis and capability in research in
growth and yield. In general, he reported, "New studies have limited scope
dealing primarily with the effects of specific cultural practices on growth
and yield in a specific geographical area. Our data base has changed very
little since 1970."
A few of the industrial organizations operating in the mid-South have
in-house growth and yield research capability. While attitudes vary, at
least some of the in-house research products are considered proprietary and
will not be available to the public. Many companies do have reseach efforts
that fall under the classification of "point studies" to answer fairly narrow
questions. Also, many companies are directly supporting additional growth
and yield research by their participation in one or more of the active
cooperatives.
Overall, I think we would be happier with more research effort. What
are the factors impeding present and future research progress? Without too
much oversimplification, I think we can say that the answers fall into two
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categories— manpower shortages and declining real funding. We are short on
manpower because of a lack of positions, and sometimes a shortage of
available, well-trained scientists to fill positions. Recruiting to fill a
biometrics vacancy on a forestry school faculty can be a challenging ordeal.
A close examination of the broad picture on research budgets gives cause
for concern. While most organizations have had budget increases, inflation
has taken its toll and real dollar support has generally declined. I am told
that research administrators are now using a figure of $110,000.00 as the
amount necessary to effectively support a full-time scientist. I know that
sounds shocking; in fact, it shocks me, and I can assure you that the
scientist's salary is not a very significant portion of the figure. The
figure includes fringe benefits to salary, equipment, staff support (clerical
and technicians or graduate students), office and laboratory space, travel
funds, utilities, and other overhead expenses.
Clearly, research is very expensive. And field data collection for an
extensive growth and yield project is terribly expensive. Furthermore, data
collection must often be supported "on the margin." That is, basic expenses
for salary and overhead must be paid first, then data collection can be
covered. More than one growth and yield researcher has been asked by his
administrator, "Can't you just simulate something?" The answer to that
question is "yes," but then we will not be working on some urgent problems.
I hope this explains why user support for publicly-based research is
helpful and appropriate. Those wanting more growth and yield information can
and are helping through their direct participation in research cooperatives,
and in lobbying for more research support at the state and federal levels.
They may also wish to work to see that their views are considered in the
allocation of total research funds to subject areas.
I am afraid the
squeaking wheel gets the grease, and a greater share of research dollars will
go to growth and yield only if that wheel squeaks once in a while.
Implications for Forestry Education
Finally, I would like to close by raising a few questions about the
implications of the state of the art and future needs in growth and yield
research on forestry education. This is a subject that concerns us all.
There is one truly unique contribution made by the forestry
schools— educating tomorrow's practicing foresters and scientists. Public
and private research depends on the supply of talent generated at the
schools.
The nature of the growth and yield "game" is getting increasingly
complex. So much so that some of my colleagues feel that it is impossible to
take their current modeling research into the undergraduate environment
except in the broadest of terms. I have even heard opinions that it is hard
to get master s students up—to—snuff" with only two additional years of
coursework. I sense that the gap probably always existing between practicing
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foresters and producers of growth and yield research Is widening.
The
on-the-ground forester often treats our results as a "black box" and we deal
with corporate planners and high-level officials who need our answers.
The same sort of thing is happening in other subject areas of forestry.
We have had, and will continue to have, a knowledge explosion. Decisions on
what to cover in a forestry curriculum have never been easy, but have
certainly become more difficult.
To oversimplify a bit, let me present two scenarios which suggest the
extremes of the possibilities we have for forestry education. The first
possibility is to provide for specialty areas with real substance at the
undergraduate level.
This would require abandoning a lot of material
traditionally considered part of a "forestry core" for some specialties. If
a student is going to take a great deal more coursework in mathematics,
statistics, computer science, and advanced quantitative forestry courses,
then something has to be given up.
The second possibility is to continue the undergraduate programs under a
"generalist" philosophy, and rely on graduate programs for specialty
education. This seems the more traditional direction and the one being
followed for the most part today. But I am bothered that this course may
ultimately have the effect of demeaning our undergraduate degree. Is it
posssible that we will arrive at a point where the forestry end of the
business is run by foresters with MBA's or advanced degrees in forest
business, the staff positions are filled by specialists with advanced
degrees, and the foresters with B.S. degrees occupy roles that are more
technical than professional, and have a restricted career path? Is this what
we want for our professional forestry graduates?
I do not even pretend to have the right answer. My purpose in
discussing this issue with you is to encourage you to think about it and
discuss it with forestry educators.
Conclusion
Well, I guess we have covered the waterfront. We have considered the
state of the art in modeling and compared that to present model availability.
That comparison generated several ideas for future research effort. Then we
reviewed the current research picture and discussed some factors which will
tend to limit advances. Finally, I raised some questions about the impact of
all of this on forestry education.
It's been a real pleasure to be part of this excellent symposium!
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